The use of light to mediate controlled radical polymerization has emerged as a powerful strategy for rational polymer synthesis and advanced materials fabrication. This review provides a comprehensive survey of photocontrolled, living radical polymerizations (photo-CRPs). From the perspective of mechanism, all known photo-CRPs are divided into either (1) intramolecular photochemical processes or (2) photoredox processes. Within these mechanistic regimes, a large number of methods are summarized and further classified into subcategories based on the specific reagents, catalysts, etc., involved. To provide a clear understanding of each subcategory, reaction mechanisms are discussed. In addition, applications of photo-CRP reported so far, which include surface fabrication, particle preparation, photoresponsive gel design, and continuous flow technology, are summarized. We hope this review will not only provide informative knowledge to researchers in this field but also stimulate new ideas and applications to further advance photocontrolled reactions.
Controlled/living radical polymerization (CRP) has revolutionized polymer science by enabling the user-friendly synthesis of polymers with precise average molar masses, diverse compositions, and well-defined architectures. 1−8 It has offered new opportunities to directly incorporate various functional groups into polymers, which can provide fascinating new properties or facilitate subsequent derivatization for applications of interest. With this powerful innovation, scientists are able to access advanced materials with nearly infinite possibilities of polymer backbone structures, functionalities, and properties, which has benefited numerous fields including nanotechnology, biomedicine, energy, and defense. 9 Building on these achievements, in recent years researchers have sought to further expand the utility of CRP reactions through the development of externally regulated and/or switchable polymerizations. 10 Today, light, 11, 12 applied voltage, 13−15 chemical redox triggers, 16−18 and mechanical force 19, 20 have been successfully utilized as stimuli for CRP as well as other living polymerization reactions. 21 Due to its low cost and ubiquity, light is perhaps the most attractive external regulator for a chemical reaction. Notably, photosynthesis, the process by which plants convert solar energy into carbohydrate molecules and eventually biopolymers, gives rise to all life on Earth. 22 In greatly oversimplified terms, photosynthesis is nature's photocontrolled chemistry. Seeking to emulate this complex and sophisticated process from nature, scientists have developed methods for harnessing the energy of light to induce novel chemical reactions, thereby producing useful molecules and materials. These innovations have also led to successful strategies for photocontrolled switching of reactions between "on" and "off" states, which provides the unique capability to temporally and spatially control chemical reactivity. 10 Light has proven particularly useful in the context of radical polymerizations; 23 photoinduced radical polymerization is now routinely used for the synthesis of commercial adhesives, coatings, and resins, for additive manufacturing, and for photolithography. 24−31 However, most of the widely used photopolymerization reactions are not completely switchable with light, and they are not "living" polymerizations. The development of living photocontrolled radical polymerization, i.e., processes that lead to high chain end fidelity and the ability to reinitiate polymer chains over several cycles, offers many potential advantages in the above-mentioned applications as well as unprecedented novel applications.
Understanding what makes a photocontrolled polymerization living or not requires consideration of the paradigms of organic photochemistry. In general terms (Scheme 1), a photochemical reaction begins when a ground state molecule R absorbs a photon (hν) of sufficient energy to excite an electron from the molecule's HOMO into a higher lying orbital. Regardless of which higher lying orbital is initially populated, Kasha's rule stipulates that rapid thermal relaxation will produce the first singlet excited state molecule R*. 32 This excited species can then undergo either photophysical or photochemical transformations. In the context of traditional photoinitiated free radical polymerization, the desired primary photochemical processes generate free radicals from the absorbing species, and these radicals undergo thermal propagation reactions in the presence of suitable monomers M to yield products P (in this case polymers). Since the radicals initiated are not instantly and reversibly consumed in the reaction system, they can continually propagate before they terminate via thermal biradical reactions that can occur in the presence or absence of light. Thus, the growth of individual polymer chains is not switchable between "on" and "off" states, and such polymerizations are not technically living. In recent years, several elegant strategies for imparting living behavior to radical polymerization have been reported. In subsequent sections of this review, the specific mechanistic strategies used to develop photocontrolled, living radical polymerizations (photo-CRPs) are described in detail. Though many of these methods and strategies are still relatively new, we anticipate continued growth of this area as increasingly controlled polymerizations and novel applications of living photopolymers are developed.
Motivated by potential applications of living photopolymers, there has been an explosion of interest in photo-CRP in recent years. There are now photo-CRP methods that resemble the most well-known thermal CRP methods such as atom transfer radical polymerization (ATRP), single electron transfer living radical polymerization (SET-LRP), nitroxide-mediated radical polymerization (NMP), and reversible addition−fragmentation chain-transfer (RAFT) polymerization, as well as other classes of CRP reactions. 1−8 These methods allow access to polymers with different architectures and functionalities, predictable and precise molecular weights, and desirable physical and/or chemical properties. A large scope of compounds such as α-bromo carbonyl compounds, perfluoroalkyl iodides, thiocarbonylthio compounds, trithiocarbonates, organometalloids, and nitroxides can be employed as initiators or crucial intermediates during photo-CRP, and in many cases polymers with high structural fidelity and narrow molar mass distributions can be obtained. A very broad scope of vinyl-containing monomers including (meth)acrylates, acrylamides, styrene (St), vinyl esters, N-vinyl amides, acrylonitrile (AN), etc., have been successfully polymerized by photo-CRP methods to yield polymers with a wide variety of properties. Block copolymers and other complex polymer compositions and architectures have also been prepared using these techniques. To meet diverse requirements for applications, metal-catalyzed/mediated, trace metal containing, and metal-free photo-CRP reaction systems have been developed. Furthermore, the well-documented advantages of continuous-flow photochemistry techniques have been adapted to photo-CRP to enable rapid scale-up of photo-CRP reactions. Additionally, the temporal and spatial control of photo-CRP has been used to demonstrate new methods of templation and compartmentalization. Using light as an orthogonal trigger for photo-CRP, multicomponent reaction systems can be rationally 
Scheme 1. Simplified Paradigm of Organic Photochemistry
Chemical Reviews designed to produce smart advanced materials. As a consequence, the seemingly simple innovation of photo-CRP will potentially spawn new applications in areas such as coatings, microelectronics, printing, adhesives, nanoparticle functionalization, drug delivery, and gel fabrication.
Since a number of excellent reviews on photoinitiated/ induced polymerization have been presented from the perspectives of reaction mechanisms, polymer backbones, reagents/catalysts, or applications, etc., [23] [24] [25] [26] [27] [28] [29] [30] [31] 33 this review highlights the use of light as an external control to regulate controlled, living radical polymerizations (i.e., photo-CRP), as well as the applications of photo-CRP that have appeared so far.
Simplified Catalogue of Photo-CRP
Generally, in a photo-CRP process, the excited state species R* undergoes either a chemical bond cleavage event or an electron or energy transfer step to initiate downstream reactions that ultimately provide polymers. During these processes, R (the absorbing species) can play the role of an initiator or a catalyst. Despite the flurry of recent interest in this field, all reported photo-CRP reactions can be divided into two categories based on the primary photochemical process involved: (1) intramolecular photochemical process (e.g., bond cleavage or energy transfer) or (2) photoredox process (Scheme 2). In the former group, fragmentation reactions of excited state species are common primary photochemical reactions; in the latter, photoinduced single electron transfer (SET) is always the primary photochemical process. In sections 3 and 4 of this review we highlight the variety of photo-CRP reactions that are accessed via these general reaction manifolds. We consider the subtleties of each polymerization mechanism; specific differences are also discussed. Our goal is to unify the seemingly large number of photo-CRP reactions that are known and to place these strategies in the context of established organic photochemistry and thermal CRP methods. In some cases, we recommend specific terminology for methods based on their mechanistic similarities to other systems. Most importantly, we hope to outline the basic paradigms in this field and provide motivation for new developments.
A typical photo-CRP based on an intramolecular photochemical process is depicted in Scheme 2A. Here, the absorbing species X−Y acts as an initiator as well as a reversible terminator.
Homolytic cleavage of the excited initiator ([X−Y]*) or polymeric initiator ([X−P n −Y]*) generates a radical (X • or X−P n • ) that can undergo either propagation or recombination with Y • . Thus, the primary photochemical process is homolytic bond cleavage of the light-absorbing species, the latter of which is directly incorporated into the polymer chain. Good control of these polymerizations can be effectively realized in the absence of catalysts or other additives given that other criteria are satisfied (vide infra).
In the photoredox CRP case (Scheme 2B), the absorbing species PC is a "photoredox catalyst". A PC is a species that undergoes photoinduced SET to or from an appropriate initiator to generate radical species that then propagate. For example, in Scheme 2B the PC transfers an electron to an initiator (X′−Y′) or a polymeric initiator (X′−P n −Y′) (also referred to as an "oxidative quenching" process since the PC is oxidized and no longer in an electronically excited state after SET to the initiator) to produce [X′−P n −Y′] −• and oxidized catalyst PC +• . Note: nearly all examples of photoredox-based photo-CRP methods reported so far are based on an oxidative quenching mechanism, though one example with a reductive quenching mechanism, i.e., SET from initiator to PC*, is discussed below in section 4.1.1. The active radical anion intermediate then undergoes thermal fragmentation to produce a radical X′ • or Y′−P n • . The radical species can then either propagate to yield polymer or regenerate a macroinitiator and ground state PC via combination with Y′ − and SET to PC +• . Note that these types of photo-CRP reactions could either occur via a "closed" cycle mechanism where growing polymers are only deactivated/reactivated by the PC or proceed via radical chain processes where [X′−P n −Y′] −• transfers an electron not back to PC +• but instead to another ground state X′−Y′ or X′−P n −Y′. These two mechanistic possibilities have well-known analogues in traditional SET-based substitution reactions: they resemble the canonical SET versus S RN 1 substitution mechanisms. Given this precedent, it is not surprising that radical chain processes (similar to S RN 1) also appear in photoredox catalysis reactions involving small molecules. 34 In the case of photoredox-CRP, the radical chain process would resemble degenerative chain transfer, which if operative could provide additional control over the chain growth. We note, however, that to date these details have not been elucidated experimentally.
A key advantage of photoredox processes is that the PC is responsible for light absorption; the initiator and polymer chains do not necessarily need to have any absorbing group, and the PC is not incorporated into the polymer chain. Effective PCs typically have excited states that are relatively long lived (e.g., for Ir(ppy) 3 , τ = 1900 ns, where ppy stands for 2-phenylpyridine ligand; 35 for Ru(bpy) 3 2+ , τ = 1100 ns, where bpy stands for 2,2′bipyridine ligand 36 ), thus ensuring efficient SET. It should also be noted that the details of photoredox reactions are generally governed by thermal reactions of radical anions/cations. Light is simply a very convenient (and catalytic) method for inducing SET, though many of these reactions could presumably be conducted with other sources of electrons (e.g., electrochemically).
As in all CRP processes, the key to excellent control in both of the above classes of photo-CRP reactions is to ensure that the growth of polymer chains is reversibly and efficiently terminated by reactions between initiator fragments (the reaction between X−P n • and Y • in intramolecular photochemical processes and the proposed reaction between X′−P n • , Y′ − , and PC +• in photoredox reactions). Thus, unlike traditional photoinitiated polymer-Scheme 2. Representative Polymerization Mechanisms Involving (A) an Intramolecular Photochemical Process and (B) a Photoredox Process a izations, where light induces growth of polymer chains that terminate irreversibly upon removal of the light source, the reversible recombination feature of photo-CRP means that simply re-exposing the system to light can continue the growth of the same polymer chains. Notably, neither of the processes described in Scheme 2 requires addition of exogenous radical sources (such as azobis(isobutyronitrile) (AIBN), which is often used in RAFT polymerization). Thus, they minimize the formation of dead chains and improve the structural fidelity of the polymer products.
LIGHT SOURCES FOR PHOTO-CRP
Enabled by modern technologies such as light-emitting diodes (LEDs), various light sources for photo-CRP are now readily available. For traditional photoinitiated polymerizations, light sources having emission in the range of ∼150−700 nm were normally used; many methods required 254 nm or shorter wavelength high-energy ultraviolet (UV) light. Enabled by the characteristic functional groups of photo-CRP initiators or PCs, which are typically excited by light in the range between 350 and 700 nm, the usage of high-energy UV light can be avoided in photo-CRP conditions. For these reactions, halogen lamps, household compact fluorescent lamps (CFLs), laser diodes, LEDs, and black light UV lamps are all cheap and practical light sources. Representative emission spectra of some exemplar irradiation devices are presented in Figure 2 . Also, sunlight has been directly employed in a few examples of photo-CRP. Among these light sources, halogen lamps, household CFLs, and sunlight provide polychromatic emission; laser diodes provide monochromatic light; LEDs and black light UV lamps are used as quasi-monochromatic light sources. These sources can typically provide light intensity from 2 to 100 mW/cm 2 , which of course depends on the light source as well as the distance between the emission source and the reaction vessel. Though light sources are readily available, one potential drawback of photo-CRP is that it can be difficult to scale; a larger reaction requires a corresponding larger or more intense light source to maintain identical conditions, which is particularly important in polymerization where time and light intensity can critically impact molecular weight and molar mass distribution Đ (Đ refers to "molar mass dispersity", which is a measure of the distribution of molecular masses in a given polymer sample calculated by dividing the weight-average molar mass M w by the number-average molar mass M n ). To address this challenge, researchers have utilized continuous-flow technology for photo-CRP (see section 5.4).
PHOTO-CRP VIA DIRECT PHOTOCHEMICAL PROCESSES

Thio-Compound-Mediated Processes
Perhaps the best-known CRP method that uses sulfur-based compounds (i.e., "thio compounds") is RAFT polymerization (Scheme 3). Indeed, RAFT polymerization is one of the main pillars of CRP. 2,37−42 In RAFT polymerization, dithioesters, dithiocarbamates, trithiocarbonates, and xanthates are widely used chain-transfer agents (CTAs or RAFT agents). 2,37−42 In these systems, the RAFT agent reacts rapidly with a free radical generated from a suitable radical initiator (e.g., AIBN or a photoinitiator in the case of "photo-RAFT"). The weakest C−S bond of the resulting stabilized radical species then breaks to generate a new propagating radical. This radical can also undergo degenerative chain transfer with another RAFT agent to induce growth of a new polymer chain (Scheme 3). Notably, each R • that derives from an initiator molecule must terminate irreversibly at the end of the RAFT polymerization, which leads to a small fraction of dead chains. However, retention of the RAFT agent within the vast majority of the polymers enables growth of new blocks from these macro-RAFT agents, thus satisfying the criteria of a living polymerization. Interestingly, metal-free photo-CRPs based on thio compounds are among the earliest known CRP methods; 11, 12 these methods were reported before the introduction of RAFT polymerization. In these photo-CRP reactions, thio compounds are used as initiator-transfer-agent-terminators (iniferters) in a process that is mechanistically distinct from RAFT polymerization. 43, 44 Thiocarbonylthio, trithiocarbonates, and disulfides with suitable UV absorption ranges are typical photoiniferters. As shown in Scheme 4, these iniferters undergo bond cleavage under irradiation to generate R • and R′S • radicals that initiate polymerization; ideally this event is reversible. Then these propagating radicals can undergo degenerative chain transfer with iniferters that were not previously cleaved by photolysis, which is similar to the RAFT-equilibrium process. Finally, the sulfur radical of the cleaved iniferter can combine with the radical end of a growing polymer chain to regenerate a dormant macroiniferter that can later be reactivated by absorption. Though bimolecular termination reactions are possible, these can be mitigated by control of light intensity (i.e., amount of radicals generated). On the basis of this mechanism, it becomes clear that in iniferter systems no exogenous radical initiators are needed; photocleavage of the iniferter provides the radical source for initiation, and this radical generation is ideally reversible. Thus, despite the fact that many researchers refer to both reactions as photo-RAFT polymerizations, there is a clear distinction between RAFT polymerizations initiated by an exogenous photoinitiator (herein referred to as photo-RAFT) and photoiniferter polymerizations. In the photo-RAFT case, just as with standard thermally initiated RAFT, the initiator-derived radicals must ultimately terminate irreversibly, and thus, with each on/off cycle some fraction of chains cannot continue growth. In theory, photoiniferter polymerization can be cycled indefinitely, though this may not be possible in practice due to undesired side reactions that lead to termination.
3.1.1. Thiocarbonylthio Used as a Photoiniferter. In 1982, Otsu and co-workers seminally reported photo-CRP when they introduced the iniferter concept. 11, 12, 44 In these experiments, tetraethylthiuram disulfide (TTDS), dibenzoyl disulfide (DBDS), and S-benzyl N,N-diethyldithiocarbamate (BDT) iniferters (see Scheme 5 for structures of representative iniferters) were synthesized and applied to the polymerization of methyl methacrylate (MMA) and St under UV irradiation. A linear relationship between M n and monomer conversion was observed, thus suggesting a well-controlled polymerization process.
Later, Tardi, Lambrinos, and co-workers explored this photopolymerization using p-xylylene bis(N,N-diethyldithiocarbamate) (XDT) as an iniferter to produce polymers (ca. Đ = 1.7−2.3) with n-butyl acrylate (nBA) as a monomer. 45 However, they found this system showed significant loss of active end groups from the growing chain as dithiocarbamate groups were partially degraded during polymerization. Thus, full control over the molar masses of the polymers was problematic. It was also claimed that this polymerization had a partially living character in the early stage, but that control disappeared progressively at later times due to unspecified termination reactions.
Bowman and co-workers presented a kinetic study of the bulk photopolymerization of methacrylates with XDT. 46 Under the conditions studied, the photoiniferter polymerization mechanism involved two termination pathways: (1) carbon−carbon radical termination and (2) carbon−dithiocarbamyl radical termination. When the conversion of monomer was low, pathway 1 was the predominant termination mechanism, due to the low viscosity of the polymerizing system. As the viscosity increased at higher conversion pathway 2 began to dominate. E m p l o y i n g a d i t h i o c a r b a m a t e s , e . g . , 2 -( N , Ndiethyldithiocarbamyl)isobutyric acid (DTCA) and (4-cyano-4-diethyldithiocarbamyl)pentanoic acid (CDPA) as iniferters, the Ishizu group investigated photo-CRP of 2-hydroxyethyl methacrylate (HEMA), methyl acrylate (MA), methacrylic acid (MAA), and St under UV light (ca. Đ = 1.2−2.1). 47−50 Amphiphilic block polymers were also prepared by using thiocarbonylthio-containing poly(HEMA) as a macroiniferter. While the use of CDPA as an iniferter could provide living polymerization of a variety of monomers at low conversions, non-pseudo-first-order kinetics were observed in the polymerization of St in the presence of DTCA. By making the sodium salt of DTCA, this group also realized the photo-CRP of Nisopropylacrylamide (NiPAAm) in aqueous medium (ca. Đ = 1.6−2.1). 48 The Pan group developed a new dithiobenzoate iniferter, i.e., 1-(ethoxycarbonyl)prop-1-yl dithiobenzoate (EPDTB), to facilitate the copolymerization of St and maleic anhydride (MAh) at 310 nm. 51 The results of microstructural analysis indicated that the copolymer had strictly alternating structure of two different monomers as is expected for radical copolymerization of St and MAh (ca. Đ = 1.1−1.2).
Yagci and co-workers designed the dithiocarbamate phenacyl morpholine-4-dithiocarbamate (PMDC), which was used for the photo-CRP of St (up to 50% conversion) under 350 nm irradiation (ca. Đ = 1.3). 52 The end-group fidelity of these macroiniferters was demonstrated by growing copolymers. The authors also pointed out that this reaction proceeded via both reversible deactivation and RAFT-equilibrium mechanisms as described in Scheme 4.
Kwark and co-workers designed S-2-cyano-2-propyl-O-ethyl xanthate (CPEC) as an iniferter, which was used for photo-CRP of vinyl acetate (VAc) at 60°C under UV irradiation. 53 While the chain ends were not perfectly stable toward UV irradiation, adding more CPEC could increase the degree of control over the photopolymerization.
Davis, Rizzardo, and co-workers found that employing 1phenylethyl phenyldithioacetate (PEPDTA) as an iniferter could generate well-defined poly(St) with molecular weights close to theoretical values under 365 nm irradiation when conversions were up to 30%. 54 The molar mass distribution became broad after extending the irradiation time. According to these results, they suggested that the appropriate selection of iniferters could reduce degradation during polymerization. GC/MS analysis of the residue from the UV-irradiated neat iniferter revealed the presence of 1-phenylethyl and benzyl radical decomposition products, thus suggesting the existence of side reactions during polymerization with this agent.
Ajayaghosh and Francis prepared a xanthate-derived photoiniferter, S-methacryloyl O-ethyl xanthate (MAX), bearing an electron-deficient polymerizable double bond, which is capable of distinguishing between MMA and St during reactions. 55−57 With this iniferter, polymerizations of an electron-poor acrylate and an electron-rich alkene were performed in controlled fashion at 350 nm. However, molar mass distributions increased significantly with extended reaction times, suggesting irreversible termination. As shown in Scheme 6, this photoiniferter, which played a dual role as both iniferter and monomer, facilitated the synthesis of hyperbranched polymer architectures.
Later, the Ishizu group designed another dual-role iniferter 2-(N,N-diethyldithiocarbamyl)ethyl methacrylate (DTEM) ( S c h e m e 6 ) . K i n e t i c s t u d i e s u s i n g 2 -( N , Ndiethyldithiocarbamyl)isobutyric acid ethyl ester (DCIA) and acetic acid 2-(N,N-diethyldithiocarbamyl)ethyl ether (AADC) as model compounds indicated that the polymerization of this dualmode iniferter and monomer proceeded with pseudo-first-order kinetics. 58 Thus, this polymerization provided hyperbranched polymer products in a controlled fashion. 59, 60 Pan, You, and co-workers developed the novel photoiniferter dibenzyl trithiocarbonate (DBTTC). 61 With this agent, monomers of St, MA, and nBA were successfully polymerized under the irradiation of an 8 W UV mercury lamp. This process displayed typical characteristics of CRP including precisely controlled molar mass, linear increase of M n with monomer conversion, and narrow molar mass distribution (ca. Đ = 1.1− 1.2). Triblock copolymers poly(MA)-block-poly(St)-block-poly-(MA), with narrow molar mass distribution (ca. Đ = 1.2) and well-defined structures, were prepared from macroiniferter.
Polyacrylamide with controlled molar mass distribution (ca. Đ = 1.1−1.2) and somewhat controlled tacticity was prepared by Li and co-workers using photo-CRP in the presence of DBTTC and Y(OTf) 3 . 62 The authors suggested that the moderate isotacticity of the polyacrylamide was due to coordination of Y(OTf) 3 with the last two amide groups in the growing radical chain. As determined by 13 C nuclear magnetic resonance (NMR) analysis, the isotactic sequence of dyads (m), triads (mm), and pentads (mmmm) was 0.32%, 50.95%, and 29.97%, respectively. Interestingly, the meso tacticity increased gradually during propagation, and the later polymerization stage afforded higher isotacticity.
Using S,S-bis(α,α′-dimethyl-α″-acetic acid) trithiocarbonate (TTCA) as a photoiniferter, Barner and co-workers developed a facile photo-CRP of acrylic acid (AA) in aqueous solution at ambient temperature under UV irradiation (Đ = 1.04−1.11). 63 As demonstrated by their results, this reaction system could control the polymerization effectively at conversions as high as 50%. The same iniferter was also reported by Ran and co-workers for the photo-CRP of St and nBA. 64 3.1.1.1. A More Complete Mechanism for Thiocarbonylthio Iniferter-Based Photo-CRP. On the basis of the above examples, it is clear that there is a strong dependence on irradiation time, conversion, and iniferter structure on the livingness of photoiniferter polymerizations. Though the mechanism shown in Scheme 4 provides for living photo-CRP in principle, a refined mechanism for trithiocarbonate-mediated iniferter polymerization that explains certain experimental observations was proposed in 2013 by Bai, Du, and co-workers. 65 In this work, the authors investigated the mechanism of photopolymerization of MA under long-wavelength UV irradiation in the presence of Sdodecyl-S′-(α,α′-dimethyl-α″-acetic acid) trithiocarbonate (DDMAT) by in-situ 1 H NMR spectroscopy. They systematically studied the influence of light intensity, wavelength, and iniferter concentration on the photo-CRP reaction. Importantly, their results demonstrated that good control of the polymerization was critically related to the concentration of the iniferter. For example, well-controlled polymerization was successfully achieved by using a high concentration of DDMAT ([DDMAT] = 7.25 mM) where a ratio of 1/400 of DDMAT/MA was used; much less control was achieved at lower DDMAT concentrations. The authors proposed an intriguing mechanism to explain these results (Scheme 7). 65 In this mechanism, the photolysis of DDMAT generates a carbon radical and a trithiocarbonate-based sulfur radical as expected for iniferter polymerization (see Scheme 4) . One potential mode of irreversible termination in this system is loss of CS 2 from the newly formed trithiocarbonate-based radical. To explain why high DDMAT concentration gave increased control, the authors proposed a novel step wherein this trithiocarbonate-based radical combines with a molecule of DDMAT to afford a heteroatomstabilized carbon radical that is reminiscent of the dormant radical in RAFT polymerization. Importantly, this reaction would be second order in DDMAT and thus would be expected to depend critically on DDMAT concentration. This new radical could fragment or produce two DDMAT molecules by reacting with a carbon radical generated in the first step. With this elegant proposal, the impact of DDMAT concentration can be readily explained as a competition between this favorable second-order trithiocarbonate-based radical + DDMAT coupling reaction and the first-order loss of CS 2 from the trithiocarbonate-based radical, namely, when the concentration of DDMAT was low, the trithiocarbonate-based radical could not be trapped and it decomposed irreversibly to a thiyl radical and a CS 2 molecule. We note that presumably light intensity would have a similar effect: high intensity reduces the DDMAT concentration by photolysis. This work provides important insights into the results of previous photoiniferter and photo-RAFT reactions that used UV or short-wavelength visible light: trithiocarbonate decomposition in both cases can be avoided by ensuring the presence of a high concentration of trithiocarbonate species in solution to trap photogenerated trithiocarbonate radicals.
On the basis of the realization that decreased light intensity could provide greater control in iniferter-based photo-CRP and to realize photocontrolled growth of end-linked polymer gels, the Johnson group used a bis-norbornene trithiocarbonate (Scheme 8) to investigate photo-CRP of NiPAAm under low-intensity, long-wavelength UV irradiation. 66 Under optimal conditions, M n increased linearly with monomer conversion up to 86% in this system. The dispersity index of the polymers remained low throughout the entire process. Importantly, though the reaction time increased, decreased dispersity indices were obtained when the reaction vials were placed at longer distances from the light source, suggesting that reduced irradiation intensity does indeed provide increased control in this system. Characterization methods such as matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy and 1 H NMR spectroscopy were employed to verify the structure of poly-(NiPAAm) obtained from bis-norbornene TTC. On/off experiments were performed by iteratively switching the UV irradiation. These results showed that the polymerization was efficiently reactivated across several irradiation cycles, and the M n versus monomer conversions displayed a linear relationship during the on/off studies, representing a successful photocontrolled process.
3.1.2. Photo-RAFT Polymerizations with Demonstrated On/Off Behavior. The combination of RAFT agents with exogenous photoinitiators (i.e., photo-RAFT) is also widely used for photo-CRP; however, it is important to understand the distinctions between RAFT and iniferter polymerizations (see discussion above). The key distinction between photo-RAFT and general RAFT is the use of a photoinitiator (rather than a thermal initiator) to provide a radical source (Scheme 9). Nonetheless, photo-RAFT is still RAFT in the sense that irreversible radical generation initiates the polymerization, which is fundamentally different than the reversible activation possible in iniferter polymerization. In this section we highlight examples where on/off behavior was reported in photo-RAFT systems. We note that in photo-RAFT there is no mechanism for reinitiation of irreversibly terminated polymer chains. Thus, one would expect that low molecular weight impurities might build up over many reaction cycles. Nonetheless, as long as a small number of radicals are generated with each irradiation cycle it is possible to observe apparent on/off behavior because the fraction of dead chains is presumably very small. To further complicate matters, simultaneous iniferter and photo-RAFT processes are likely occurring in these systems when both the thio compound and the photoinitiator absorb at similar wavelengths. Thus, a full appreciation of the mechanistic details of both methods (as outlined in Schemes 7 and 9) is required to fully explain the observed data. We also note here that demonstrations of on/off photocontrol in all photo-CRP systems should include plots of conversion, molar mass, and molar mass distribution as a function of the number of irradiation cycles, because monomer conversion may increase with each new irradiation, but this does not mean that all existing polymer chains continue to grow. For example, due to a fraction of irreversibly terminated chains in photoiniferter and photo-RAFT polymerizations, the dispersity index could increase with increasing number of cycles.
Cai and co-workers realized the photo-RAFT of primary amine-functionalized acrylamide monomers using cyanopentanoic acid dithiobenzoate (CTP) and (2,4,6-trimethylbenzoyl)diphenylphosphine oxide (TPO) initiator under visible light, which provided a facile method for the synthesis of primary amine-functionalized polymers at room temperature. 67 This photopolymerization system afforded well-controlled molar mass distributions in acidic aqueous media. An acceleration effect on the reaction was observed by adding less polar alcohol solvents into the aqueous system. Furthermore, this reaction could be switched on and off over three cycles.
With the employment of an unsymmetrically substituted trithiocarbonate S-dodecyl-S′-(α,α′-dimethyl-α″-acetic acid) trithiocarbonate (DDMAT) and photoinitiator TPO, Cai and co-workers developed a photo-RAFT method to produce welldefined poly(St) and its functional derivatives including poly(vinylbenzyl chloride), poly(N,N-diethyl vinylbenzylamine), and poly(vinylbenzyl alcohol) using a high-pressure mercury lamp equipped with a filter to remove <320 nm light. 68 Their results indicated that photodegradation of trithiocarbonate functional groups (likely the result of direct photolysis as desired in the iniferter mechanism) and irreversible termination reactions of the resulting radicals were significantly suppressed with DDMAT under long-wave irradiation conditions. However, when vinylbenzyl alcohol (VBA) was employed as a monomer, a slight shoulder peak was observed by gel permeation chromatography (GPC) analysis at conversions over 50%. Nonetheless, kinetic investigations were used to confirm the controlled behavior of these processes. This photopolymerization system also offered direct access to all-styrenic block copolymers under mild conditions.
Combining S-ethyl-S′-(α,α′-dimethyl-α″-acetic acid) trithiocarbonate (EDMAT) and TPO, the Cai group developed a photo-RAFT reaction that could be conducted in acidic aqueous solution under visible-light irradiation. 69 Their results indicated that EDMAT was stable in acidic aqueous solutions but that it underwent decomposition in alkali solutions. The wellcontrolled process was demonstrated by employing periodic on/off experiments. Using the same trithiocarbonate compound, this group attempted to polymerize the ionic monomer N-(2aminoethyl) acrylamide hydrochloride (AEAM) through visiblelight irradiation in water, enabling the synthesis of polymers with structures tuned from homopolymers to random, block, random−block, and block−random−block copolymers. 70 The polymerization process could again be suspended and restarted immediately for 3 times by cycling exposure to light. The authors also found that the reaction behavior with trithiocarbonates or dithioesters was significantly dependent on the UV−vis irradiation wavelength. 71, 72 Under long-wave UV irradiation, trithiocarbonates (e.g., DDMAT) only underwent slight decomposition, whereas dithioesters were not stable toward these conditions. Improvement of these processes can be achieved by cutting off short-wavelength irradiation or by simply using lower intensity light and higher trithiocarbonate concentration.
A recyclable solid-state photochemical initiator based on the surface modification of Nb(OH) 5 was prepared and successfully applied to cyclable photo-RAFT reactions by Liu and coworkers. 73 Enabled by the visible-light absorbance of niobium compounds, the photopolymerization process could proceed with 420 nm irradiation in the presence of the trithiocarbonate CEPT. Notably, when the conversion of NiPAAm reached 86%, this method could still afford the polymer with a narrow molar mass distribution (Đ = 1.17). In addition, this polymerization process was controlled between on and off by cycling the irradiation for 6 times.
Nitroxide-Mediated Processes
Like RAFT polymerization and ATRP, NMP represents one of the pillars of CRP. 5, 74, 75 After Georges and co-workers reported the first NMP system that used benzoyl peroxide as the initiator and TEMPO as a mediator to achieve well-controlled polymerization of styrene, 76 discrete alkoxyamine compounds capable of reversible activation were developed 5, 77 for NMP as shown in Scheme 10A. Under thermal conditions, alkoxyamines can undergo homolysis of the C−O bond without a catalyst or an external additive to generate a carbon radical (R • ) and a stable nitroxide radical ( • O−NR 1 R 2 ). The R • species undergoes further propagation in the presence of monomers. During chain growth, the polymeric radical R−P n • is reversibly terminated by the persistent radical 78 • O−NR 1 R 2 to produce the dormant species R−P n −ONR 1 R 2 , thus providing a means for control of the radical polymerization process. Similar to R−O−NR 1 R 2 , the dormant species can also undergo reversible initiation under thermal conditions, which facilitates further propagation.
Motivated by the development of thermal NMP, Scaiano and co-workers reported in 1996 that carbon-centered radicals and stable radicals 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) were generated from irradiation of corresponding alkoxyamines in the presence of xanthone derivatives as photosensitizers. 79 This process was proposed to occur via intermolecular energy transfer from the absorbing xanthone derivative to the alkoxyamine. Although no polymerization reaction was investigated in this study, the authors clearly recognized the potential for photo-CRP, and this work provided the theoretical basis for subsequent photo-NMP reactions (vide infra).
Building on this work, the nitroxide-mediated photopolymerization (photo-NMP) methods described below use alkoxyamines connected to a suitable sensitizer (shown in green in Scheme 10B). Irradiation of the chromophore followed by intramolecular energy transfer to the alkoxyamine leads to bond cleavage and formation of the requisite carbon and nitroxide radicals typical of NMP. It must be noted that living photo-NMP is not as developed as other strategies discussed in this review. Furthermore, intermolecular energy transfer to induce alkoxyamine decomposition (as studied in Scaiano's work that did not involve polymerization) has not, to our knowledge, been successfully realized in photo-NMP. If it were then potentially "energy transfer catalysts" (i.e., sensitizers) could be employed much like photoredox catalysts (see Scheme 2 and section 4 of this review).
The Neckers group synthesized a variety of chromophore− alkoxyamine conjugates and explored their utility in photo-NMP. 80 Although photopolymerization of MMA was realized by using PE-XTEMPO (Scheme 11) as a photoinitiator, the polymer obtained was not photoreactive, which suggested nonliving polymerization behavior. Significantly shortened triplet lifetimes were observed for the chromophore−alkoxyamine conjugates compared to the free chromophores, which suggested that the alkoxyamine quenched the excited chromophores as expected.
Goto and Scaiano reported a new quinolone−alkoxyamine derivative, PE-QTEMPO (Scheme 11), that they investigated for photo-NMP of Sty monomer. 81 Ten percent conversion was observed after irradiation for 2 h to yield poly(St) with a relatively broad molar mass distribution (M n = 2700 g/mol, Đ = 1.60).
In an effort to increase the energy transfer efficiency in these types of systems, Guillaneuf, Gigmes, and Laleveé developed a new class of alkoxyamines where the sensitizing chromophores were directly connected to the aminoxyl component electronically. 82−84 In this way, the authors suggested that the photochemical and photophysical properties of the chromophores and the alkoxyamine could be influenced much more dramatically than in previous designs. On the basis of this idea, the authors reported a benzophenone-substituted nitroxide (BP-Nitroxide, Scheme 11) that facilitated photo-NMP of nBA. 84 In this system, the polymer molecular weight deviated significantly from the theoretical values and a broad molar mass distribution was observed (Đ > 2), suggesting limited control.
Inspired by this work, Liu and colleagues synthesized photosensitive TEMPO-based nitroxides with various chromo-phores including benzophenone, naphthalene, and quinoline. 85 As indicated by their results, efficient energy transfer to cleave the targeted C−O bond could occur. The authors reported the successful photo-NMP of MMA by combining their photosensitive nitroxide compounds as mediators with 2,2-dimethoxy-2-phenylacetophenone (DMPA) as a photoinitiator. This system displayed linear growth of the M n with monomer conversion and narrow molar mass distributions (Đ = 1.3−1.4).
Yoshida reported the photo-CRP of various monomers accelerated by redox-active additives (e.g., iodonium salts, sulfonium salts, and iron−arene complex) with 4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (MTEMPO) at ambient temperature. 86−93 The living nature of these systems was confirmed with kinetics studies; however, compared to traditional NMP methods, the dispersity indices of polymers obtained via these methods were typically higher. Nonetheless, the authors showed that the polymerization could be immediately stopped and restarted by turning the light source off and on for one cycle. 87, 94 The authors suggested a unique mechanism wherein the additive accelerates the polymerization rate by reversibly oxidizing the nitroxide to an oxoaminium salt. 95−97 Back electron transfer regenerates MTEMPO, which can then cap a propagating radical to reform a dormant chain. The authors propose that the photoexcited redox-active additive is responsible for MTEMPO oxidation. They suggest that the C−O bond of the MTEMPO polymer chain end is cleaved first, and free MTEMPO radical is then oxidized. There is an alternative possibility whereby the photoexcited additive could directly oxidize the dormant polymer chain, i.e., form a polymeric radical cation, which could then fragment to generate a propagating radical and an oxoaminium salt. To our knowledge, the latter mechanism has not been ruled out; if it were operative then this system should technically be classified as a photoredox polymerization where the redox-active additive is the photocatalyst and reductive quenching is the key photochemical process.
Manganese-Mediated Processes
Since the first preparation of dimanganese decacarbonyl (Mn 2 (CO) 10 or (CO) 5 Mn−Mn(CO) 5 ) in 1954, 98 this metal carbonyl complex has garnered broad attention 99 and been an important reagent in the organometallic chemistry of manganese. As shown in Scheme 12, unlike many other metal carbonyl compounds, there is no bridging CO ligand in Mn 2 (CO) 10 , and the two Mn(CO) 5 subunits are staggered with each other. Due to the weak Mn−Mn linkage (20−40 kcal/mol), this compound can undergo homolysis upon heating or irradiation with light, providing two Mn(CO) 5 • 17e − metalloradicals. 100−102 The metalloradical generated can react with alkyl halide groups to produce a carbon-centered radical. 102, 103 Further useful features of Mn 2 (CO) 10 are its low cost and the high quantum yield of Mn−Mn bond cleavage. 104−106 Although Mn 2 (CO) 10 /CCl 4initiated polymerizations were first reported about half a century ago, 99 this compound has only recently found wide application in radical polymerizations including photo-CRP. 107−110 Kamigaito and colleagues developed highly active photo-CRP reactions using Mn 2 (CO) 10 in combination with an alkyl iodide initiator (R−I in Scheme 13: 2-iodoisobutyrate) under visiblelight irradiation. 108 A variety of monomers including VAc, MA, and St were polymerized efficiently with a catalytic amount of Mn 2 (CO) 10 (0.025 mol % of VAc or 5.0 mol % of R−I); greater than 90% monomer conversion was achieved within 3 h for VAc monomer at 40°C. Although the obtained molar mass distributions (ca. Đ = 1.3−1.9) were broader than other popular CRP methods, this polymerization displayed switchable behavior as demonstrated by 5 cycles of on/off experiments and the M n increased linearly with conversion.
By introducing fluoroalcohol solvents into this system, the same authors developed a copolymerization reaction of MA and 1-hexene that enabled the synthesis of almost perfectly alternating copolymers when excess nonpolar olefins were used. 111 Kinetic analysis revealed that the relative reactivity of the MA radical to 1-hexene radical increased by about six times in the new solvent environment, which could be attributed to an H bond between the carbonyl group of MA and the alcohol group of the fluoroalcohol solvent. The enhanced reactivity of MA caused the cross-propagation to the electron-rich monomer of 1hexene. Later, the same group reported copolymerization of MA and VAc with the Mn 2 (CO) 10 /R−I-promoted photo-CRP system. 112 In this work, a novel block copolymer consisting of a gradient copolymer block poly(MA-grad-VAc) and a homopolymer block poly(VAc) was prepared; the structure was supported by NMR analysis. Upon saponification of the ester side groups of the poly(MA-grad-VAc)-block-poly(VAc) polymer, a novel poly(MA-co-γ-lactone)-block-poly(vinyl alcohol) product was obtained that resulted from intramolecular lactonization.
A proposed mechanism for photo-CRP reactions with Mn 2 (CO) 10 and initiator R−I is depicted in Scheme 13. Under visible-light irradiation, the Mn−Mn bond of Mn 2 (CO) 10 compound cleaves to generate two • Mn(CO) 5 radicals, which are themselves unable to initiate polymerization. The metalloradical activates the C−I bond of the initiator R−I (e.g., 2iodoisobutyrate) to produce a metal iodide compound (driven by the high bond dissociation energy of the Mn−halide) and a carbon-centered radical. The latter undergoes propagation in the presence of monomers. Kamigaito and co-workers showed that irreversible termination reactions of propagating radicals lead to an accumulation of I−Mn(CO) 5 and that this metal−iodide species does not contribute substantially to deactivation of the growing carbon radical species. Furthermore, the consumption of R−I follows first-order kinetics during the polymerization, and it is not affected by increasing the amount of I−Mn(CO) 5 . These results suggest that reversible C−I bond activation takes places through a degenerative iodine transfer mechanism. 108 In this process the iodine atom at the end of an initiator or polymer chain transfers to R−P m • and thus initiates a new chain; this step is similar to the iodine transfer step known in other free radical polymerizations (see section 3.5 of this review for examples). 113 It is also similar to photo-RAFT using thio compounds (vide supra): photolysis of the Mn−Mn bond and halogen abstraction initiates the polymerization (much like a photoinitiator in photo-RAFT), and degenerative chain transfer of iodide provides control (much like sulfur-based RAFT agents).
Combining ATRP with Mn 2 (CO) 10 -promoted photo-CRP, the Yagci group developed a two-step procedure to produce block copolymers. 114 As shown in Scheme 14, in the first step, ωbromo-poly(St) was first synthesized via copper-catalyzed ATRP using N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDE-TA) as a ligand in toluene at 110°C. In a following step, the Br end group was chain extended with a variety of monomers such as MMA, nBA, and VAc in the presence of a catalytic amount of Mn 2 (CO) 10 under visible-light irradiation. However, the fidelity of the end group was not demonstrated after polymerization with Mn 2 (CO) 10 . These authors also found that termination by biradical combination generated an ABA block structure. Later, the same group reported the combination of ATRP and cationic polymerization initiated by photolysis of Mn 2 (CO) 10 followed by carbon radical oxidation with iodonium salts to produce block copolymers of poly(St)-block-poly-(cyclohexene oxide). 115 They also prepared hyperbranched polymers and linear polyethylene backbones both functionalized with bromide substituents, which allowed for postpolymerization transformations via Mn 2 (CO) 10 -mediated polymerization under visible light to provide polymeric materials with different properties. 116, 117 Fluorinated polymers are fundamental and important materials in a wide range of applications. While many CRP reactions of fluorinated alkene monomers such as vinylidene fluoride (VDF) have been conducted at elevated temperature (100−250°C) and in high-pressure reactors, new polymerization processes for fluoropolymer synthesis at ambient temperatures and in simple reaction vessels are desirable. 118−120 On the basis of the photochemistry of Mn 2 (CO) 10 and related radical reactions with alkyl halides, Asandei and co-workers reported a Mn 2 (CO) 10 /R−X (R−X were alkyl, semifluorinated alkyl, or perfluorinated chlorides, bromides, or iodides) system for photo-CRP of VDF (ca. Đ = 1.2−1.8) under visible-light irradiation at 40°C in low-pressure glass tubes in a variety of solvents. 121, 122 To understand the mechanism of this reaction, kinetic studies, NMR experiments, control experiments, etc., were conducted. As shown in Scheme 15, similar to other photoinitiated reactions with Mn 2 (CO) 10 and organic halides (R−X), this reaction first generates carbon-centered radicals (R • ). Notably, in this system there are two possible propagation pathways through two different propagating radicals, RCH 2 CF 2 • and RCF 2 CH 2
•
. Subsequently, when the initiators have relatively strong R−X bonds (e.g., alkyl−I, R F (perfluorinated alkyl)−Cl), the propagating radical chains do not undergo noticeable chain transfer with them, resulting in poly(VDF) without terminal halides (i.e., the polymerization is not living). In contrast, when the R−X bond is relatively weak (e.g., CF 3 SO 2 −Cl, CCl 3 −Br, R F −I), chain transfer occurs between growing radical chains and initiators, providing polymers with halogen atoms on the chain ends. In the later case, after initiators (e.g., R F −I) are completely consumed, a reversible iodine degenerative transfer proceeds in the polymerization system, 113 producing polymers with two terminal modes (−CH 2 CF 2 −I and −CF 2 CH 2 −I), which are both able to be reactivated by • Mn(CO) 5 during further photopolymerization. The authors suggested that the reversible halide exchange between equally reactive propagating (R−P n − CH 2 CF 2 • ) and dormant (R−P m −CH 2 CF 2 −I) chains enabled good control of this polymerization. Starting from poly(VDF) synthesized with this method, well-defined block copolymers with a variety of monomers such as styrene, butadiene, vinyl chloride, VAc, etc., have been prepared via a second chain extension with the same photopolymerization method (for block copolymers, ca. Đ = 1.5−2.5). Very recently, these authors investigated the metal and ligand effects of various photoactive transition-metal carbonyls in conjunction with alkyl and perfluoroalkyl halides in the polymerization of VDF under visible light. 123 It was demonstrated that an iodine degenerative transfer CRP process is achieved for several metal carbonyls (the overall qualitative order in the activity of these complexes is Mn 2 (CO) 10 ≈ Re 2 (CO) 10 ≫ Cp 2 Mo 2 (CO) 6 ≫ Cp 2 W 2 (CO) 6 ) with different alkyl halides and perfluoroalkyl iodides. When the radical reactivation of the poly(VDF)−I chain ends was evaluated, metal complexes of Mn 2 (CO) 10 , Re 2 (CO) 10 , Cp 2 Mo 2 (CO) 6 , Cp 2 W 2 (CO) 6 , and Cp 2 Fe 2 (CO) 4 all provided quantitative radical activation of both types of chain ends (poly(VDF)−CH 2 CF 2 −I and poly(VDF)−CF 2 CH 2 −I).
Further demonstrating the similarity between these processes and photo-RAFT, in 2014 Zhu and colleagues applied Mn 2 (CO) 10 as a photoinitiator with a RAFT agent for photo-CRP with LED (λ max = 565 nm) or sunlight as light source. 124 With this method, a variety of monomers including MMA, MA, St, 2-(dimethylamino)ethyl methacrylate (DMAEMA), and Nvinylcarbazole (NVC) were polymerized in the presence of 2cyanoprop-2-yl-1-dithionaphthalate (CPDN) RAFT agent and a catalytic amount of Mn 2 (CO) 10 at 40°C (Đ = 1.10−1.37). This reaction was reported to be switchable toward LED light irradiation as shown by two cycles of on/off experiments. In addition, the fidelity of the polymer chain end was demonstrated by 1 H NMR analysis and chain extension experiments.
Cobalt-Mediated Processes
Since the Co III −C bond is generally weak (18−40 kcal/mol), homolytic bond cleavage can be achieved under thermal or photochemical conditions 125, 126 to produce a cobalt radical (also viewed as a Co II species) and a carbon-centered radical, the latter of which can propagate in the presence of suitable monomers. 127−130 Importantly, the persistent cobalt radical can recombine with the growing radical chain to generate a dormant species, resulting in a reversible metal−carbon bond formation/ activation process that is reminiscent of NMP. On the basis of this paradigm, polymer chemists have developed many cobaltmediated CRP reactions. 127−131 As shown in Scheme 16, these polymerizations can be generally classified into two groups: (A) In-situ formation of P n −Co III by heating or photolysis of a radical initiator (e.g., AIBN or TPO) in the presence of a Co II source and a suitable monomer 129, 132 or (B) polymerization from a preformed R−Co III initiator. In both cases, photocontrol of the polymerization can be achieved through reversible photolysis of the C−Co bond. 129, 133, 134 Although photopolymerizations mediated by cobalt have been developed for more than 20 years, 129, 132 there have been exciting recent advances in terms of control over molecular weight, dispersity, fidelity of the chain end, and reaction kinetics.
Using strategy A (Scheme 16), Debuigne and co-workers synthesized well-defined α-functional and α,ω-telechelic poly- mers from Co(acac) 2 and a hydroxyl-functional initiator (VA-086). 135 To our knowledge, this approach represents the first example of preparing homotelechelic polymers via cobaltmediated photo-CRP (ca. Đ = 1.1). Telechelic poly(Nvinylpyrrolidone) (NVP) was synthesized with the same photopolymerization method (Đ = 1.08), and this strategy was combined with ring-opening polymerization to access triblock copolymers containing poly(NVP) and poly(ε-caprolactone) segments. The ability to synthesize triblock copolymers suggests high end-group fidelity in the initial Co-mediated photo-CRP.
Also using strategy A (Scheme 16), Detrembleur and Laleveé realized the cobalt-mediated photopolymerization of nBA at 30°C initiated by photolysis of AIBN. 136 In their system, when the molar mass of poly(nBA) reached above 4 000 000 g/mol, the corresponding dispersity index remained low (Đ = 1.38). Changing the photoinitiator from AIBN to phenyl bis(2,4,6trimethylbenzoyl)phosphine oxide (Irgacure 819) resulted in a significant enhancement in the initiation efficiency (increased from <1% to 22%) during the polymerization of nBA. 136 In addition, as indicated by kinetic studies and spin-trapping experiments, they proved that the terminal C−Co bond generated in the dormant polymer chains could be cleaved by light.
The Zhu group reported that a variety of monomers including VAc, N-vinylcaprolactam (NVCL), and NVP were able to be polymerized in a controlled manner (ca. Đ = 1.1−1.3) using a Co(acac) 2 /TPO reaction system under 365 nm irradiation. 137 Chain extension from poly(VAc) was successfully performed (original poly(VAc): M n,GPC = 4720 g/mol, Đ = 1.22. Chain extended poly(VAc): M n,GPC = 39 200 g/mol, Đ = 1.14). However, when this method was applied to St, MMA, and nBA, broader molar mass distributions were observed (Đ = ∼2.1−3.2).
Cobalt porphyrins (Scheme 17A) have been investigated for many years in thermally initiated radical polymerizations. More recently, organo-Co III derivatives of these compounds (Scheme 17A) have been shown to be ideal candidates to achieve photo-CRP without extra additives (i.e., strategy B in Scheme 16). For example, Fu and colleagues synthesized polymer-or CO 2 CH 3bonded organocobalt(III) porphyrins as shown in Scheme 18A. 138, 139 While (TMP)Co II was applied for polymerization in nonpolar solvents (i.e., benzene), its derivative (TMP−OH)Co II could be used in polar solvents (i.e., methanol). Since porphyrin cobalt alkyl complexes (i.e., I and II) are light and air sensitive, an air-stable organocobalt porphyrin complex III was successfully prepared (upon storage at room temperature in the dark, only 4% decomposition of III was observed in 3 months). 138 With these complexes, well-defined diblock and triblock copolymers were prepared, indicating the high fidelity of the cobalt-functionalized chain end and the strong tendency for regeneration of the terminal C−Co bond in the polymerization. Highly responsive on/off control was observed in these systems. In addition, these cobalt complexes enabled the photo-CRP of electron-deficient alkenes, such as MA, nBA, and 2-hydroxylethyl acrylate (HEA) (ca. Đ = 1.2−1.3), the polymerications of which were less controlled in the initiator-incorporated cobalt-mediated photopolymerizations. 138, 139 Later, the same group prepared a salenbased organocobalt compound ((salen)CoCO 2 CH 3 in Scheme 17B) and applied it to the photo-CRP of acrylates, acrylamides, and vinyl esters with CFL or Xe lamps (ca. Đ = 1.1−1.2). 140 The equilibrium between the carbon-centered radical (R • ) and (salen)Co II and the (salen)Co III R species was determined to lie toward the dormant Co III species (K eq = 3.5 × 10 10 M −1 ), which explains the excellent control observed in this photo-CRP. The authors also found that introducing TPO as an additional photoinitiator in this system greatly enhanced the polymerization rate without a large influence on the dispersity. On the basis of kinetics studies, the authors suggested that the TPOinduced reaction is controlled by degenerative chain transfer of the organocobalt chain ends. 140 
Iodine Transfer Under Metal-Free Conditions
Alkyl iodides can often be photocleaved to provide a carboncentered radical (R • ) and an iodine radical (I • ). 113 The iodine radical can rapidly combine with another iodine radical to form I 2 , which is known to be a radical scavenger that can inhibit free radical polymerizations. 141, 142 Hence, the generation of I • is thought to be unfavorable in a photo-CRP process, and it can be difficult to obtain good control by directly employing alkyl iodides in photopolymerizations (i.e., in the absence of an additive like Mn 2 (CO) 10 ). 113 Nonetheless, novel strategies for photo-CRP based on degenerative iodine transfer have emerged recently.
Lacroix-Desmazes and co-workers showed that photopolymerization from a photomacroiniferter (i.e., PDMS-I: iodo poly(dimethylsiloxane)) could be conducted in aqueous miniemulsion under UV irradiation. 143 In this system, the accumulation of I 2 in the organic phase is suppressed by reaction with I − in the aqueous medium to generate I 3 − An alkyl radical can also be generated via the photolysis of a complex formed from an alkyl halide and a tertiary amine. 144−146 Exploiting this concept, Goto and colleagues developed an amine-catalyzed photo-CRP from an alkyl iodide (2-cyanopropyl iodide, CP-I) under visible light at 350−600 nm. 147 Using tributylamine as a catalyst, polymethacrylates with different side functional groups were produced with a narrow molar mass distribution (ca. Đ = 1.1−1.4) and in moderate to high conversions. For example, using HEMA as a monomer affords up to 98% conversion in 2 h reaction time. In contrast, without an amine catalyst, the MMA monomer was not successfully polymerized, reaching only about 10% conversion and a large Đ value of 1.6. Elemental analysis showed that a large percentage of chains were terminated with iodine. In addition, this photopolymerization followed pseudo-first-order kinetics and also could be readily controlled by switching the external light on and off. Two mechanistic possibilities for this process are presented in Scheme 18. As shown in Path A, an initially formed complex of the dormant species and amine is photocleaved to yield a propagating radical and an iodine-centered radical. Alternatively, in path B the C−I bond of the excited dormant species (R−P n −I) is photocleaved to a polymeric carboncentered radical and I • , which is subsequently captured by the amine. The authors observed a new peak in the UV−vis spectrum when CP-I and tributylamine were mixed together (as compared to the spectra for CP-I and amine alone), which supports the presence of a ground-state interaction between CP-I and the amine. 147 Later, Goto and co-workers applied a variety of tertiary anilines as organic catalysts for photo-CRP from CP-I. 148 Enabled by the characteristic absorptions of the different catalysts, the polymerization could be regulated at desired wavelengths ranging from 350 to 750 nm by choice of catalyst (ca. Đ = 1.1−1.4). The absorption spectra of different mixtures of CP-I and catalysts are illustrated in Scheme 19. The wavelength-controlled transformation also suggests that the C−I bond cleavage is realized through the photoexcitation of the complex of an alkyl iodide and an amine (Scheme 18, Path A). To demonstrate high end-group fidelity, chain extensions from poly(MMA)-I were employed to polymerize monomers at different wavelengths with corresponding catalysts. A block copolymer of MMA and δ-valerolactone (VL) was also successfully prepared in one pot by switching from a radical polymerization to a ring-opening polymerization with different wavelengths. In this process, starting from 2-
as a catalyst (550−750 nm). Then VL was polymerized from the hydroxyl chain end by using triarylsulfonium hexafluorophosphate (350− 380 nm) as a photo acid catalyst.
The Vana group reported the photo-CRP of n-butyl methacrylate (nBMA) from CP-I under UV irradiation (ca. Đ = 1.2−1.6). 149 They claimed that homolysis of the C−I bond does not necessarily cause an accumulation of free iodine and inhibit the polymerization. Related kinetic simulations suggested that in addition to a degenerative chain-transfer process (iodine abstraction by a propagating radical), a reversible termination mechanism involving frequent C−I bond dissociation/formation and the formation of free iodine on a nanomolar scale is important to afford good control in this reaction. In addition, as demonstrated by experiments with on/off irradiation cycles, this polymerization is highly switchable.
Finally, though hypervalent iodine carboxylates, such as (CX 3 CO 2 ) 2 I III Ph, have been predominantly used as oxidants, they can also generate • CX 3 radical species through decarboxylation under thermal or photochemical conditions. 150 By employing such hypervalent iodine derivatives as a • CX 3 radical source or a CX 3 I precursor, Asandei and co-workers developed metal-free photo-CRP of VDF under visible light (Scheme 20). 151 In this method, polymerization of the low boiling point fluorinated alkene (VDF: −84°C at 1 atm) was achieved in a glass tube at 40°C using dimethyl carbonate as a solvent. Added I(CF 2 ) 6 I or in-situ-generated CF 3 I (R F −I) served as a chaintransfer reagent. The end-group fidelity of poly(VDF)-I was demonstrated by the synthesis of block copolymers with 2,2,2trifluoroethyl methacrylate and methyl-2-(trifluoromethyl)acrylate employing Mn 2 (CO) 10 
Organotellurium-Mediated Processes
Ditellurides can be employed as efficient trapping agents of carbon-centered radicals. 152 With the employment of dimethyl ditelluride (MeTe) 2 as an efficient deactivator in free radical polymerization of MMA with AIBN initiator, Yamago and coworkers synthesized poly(MMA) with a lower dispersity index (Đ = 1.18 vs 1.48) than the analogous reaction without (MeTe) 2 . 153 In other work, the same group proved that carbon-centered radicals could be generated by homolytic substitution of tellurium-centered radicals with organotellurium compounds. 154 Since the MeTe • species can be generated via the photolysis of (MeTe) 2 , 155, 156 the authors realized that photogenerated tellurium radicals could activate dormant telluriumcapped polymer chains, as illustrated in Scheme 21A. 153 However, this polymerization was sluggish, and it was difficult to polymerize acrylates due to limited reactivation of dormant polyacrylate chains.
Yamago and co-workers applied an alternative organotellurium iniferter (R−TePh) to the photo-CRP of various monomers such as nBA, HEA, AA, NiPAAm, NVP, NVC, and Nvinylimidazole (NVI). 157, 158 While the employment of a 500 W high-pressure mercury lamp produced poly(nBA) with a broad molar mass distribution (Đ = 1.87), long-wavelength irradiation (>470 nm) afforded the target polymers with excellent control over molar mass distribution (e.g., poly(nBA), Đ = 1.09) and very high conversions of monomers (conversions = 86−98%). When a very low amount of organotellurium compound (R− TeMe/nBA = 1/2000) was employed under their standard polymerization conditions, poly(nBA) was produced with a 223 kDa and 90% conversion in 5 h (Đ = 1.18). UV light and sunlight were also suitable light sources for this transformation. In addition, the chain growth could be instantly started or stopped by exposing the reaction vessel to light or dark, as demonstrated by three on/off cycles. The proposed mechanism for the tellurium-mediated photopolymerization is illustrated in Scheme 21B. Upon irradiation, the excited organotellurium dormant species (P n −TePh) undergoes C−Te bond dissociation to generate a tellurium-centered radical and a carbon-centered radical for propagation. The polymeric carbon radical can react with another tellurium dormant species via a degenerative chaintransfer process, which is the predominant mechanism under thermal conditions. The effective generation of a carboncentered radical from RTePh was confirmed by reacting with TEMPO under irradiation, as shown in Scheme 21C.
Yamago and co-workers subsequently applied LED lights to their organotellurium-mediated polymerization. 159 They also developed a sequence of (1) organotellurium-mediated polymerization under thermal conditions and (2) photoinduced carbon− carbon bond formation of Te-terminated polymers in order to build well-defined symmetric block copolymers. 160 Liska and co-workers showed that the organotellurium iniferter BPT (Scheme 22D) could be employed for polymerization of acrylates and acrylamides (ca. Đ = 1.2−1.3) under visible-light irradiation (400−500 nm). 161 In this system, the photoexcited BPT undergoes homolysis to produce a Tecentered radical and a carbonyl radical, the latter of which initiates the polymerization reaction (Scheme 21D). The growing radical and the PhTe • species undergo reversible photoactivation/deactivation in the subsequent polymerization process, which may also compete with a degenerative chaintransfer mechanism. Related experiments to demonstrate the end-group fidelity of the polymers, such as chain extension studies, were not reported in this system.
Selenium-Mediated Processes
It is known that the photolysis of diphenyl diselenide or alkyl phenyl selenides can generate the stable phenylseleno radical, which has lower reactivity toward carbon−carbon double bonds than the corresponding sulfur radical. 156, 162, 163 Moreover, a diphenyl diselenide molecule can react with a carbon-centered radical via a bimolecular homolytic displacement process to generate a Se-centered radical. This process is ∼160-fold faster than the corresponding diphenyl disulfide exchange. 152 The phenyl selenium group can be readily removed under mild conditions compared to many heteroatom-tethered substituents, for example, the arylthio group. 164 On the basis of these characteristics, selenium-based photoiniferters have been designed for free radical polymerizations.
Yuki and co-workers developed photopolymerization methods for St derivatives and MMA from iniferters such as diphenyl diselenide (DPDSE), methyl α-phenylseleno isobutylate 165−167 In these transformations, low to moderate conversions were normally obtained upon irradiation from a high-pressure mercury lamp. Although the molecular weights increased linearly with conversion, the molar mass distributions were usually broader than other photo-CRP techniques. For example, Đ values were frequently around 2.0. 167 Notably, high end-group fidelity of the SePh unit could be achieved, as demonstrated by subsequent chain extension reactions under the same photopolymerization conditions and 77 Se NMR analysis. 168, 169 Since the terminal phenyl selenium group can be efficiently converted into an alkene group on the chain end, graft copolymers composed of polystyrene branches could be prepared. 170 To further facilitate the synthesis of graft copolymers, the same authors developed a novel photoiniferter P-SeMS containing a St unit in the structure. 171 After a free radical polymerization initiated by AIBN under thermal conditions, a subsequent Semediated photopolymerization from the side chain enabled the preparation of a graft polymer composed of a poly(St) backbone and poly(MMA) sidechains. Considering the p-phenylselenomethylstyrene (P-SeMS) molecule can act as both a monomer and an iniferter, the direct photopolymerization of this molecule allowed for the production of branched poly(St) materials containing a high percentage of selenide units. 172 In addition, Kwon et al. developed a tetrafunctional photoiniferter 1,2,4,5tetrakis(p-tert-butylphenylselenomethyl)benzene (TKTSE) that they used to prepare star-sharped poly(St)-containing arylseleno units at polymer chain ends. 173 By modifying the substituents on the phenyl rings of DPDSE, Zhu and co-workers prepared a variety of photoiniferters based on diaryl diselenide (DArDSE) as shown in Scheme 22. 174 Polymer products with Đ < 1.3 were obtained from an iniferter containing two methyl substituents on each phenyl ring. High end-group fidelity was confirmed by NMR and MALDI-TOF MS analysis. The same group also investigated photopolymerization with the iniferter P,P-diphenyl phosphinodiselenoic acid benzyl ester (DPPSB) under UV−vis irradiation. 175 Although linear reaction kinetics were observed and the molecular weights increased linearly with monomer conversions, only moderate control over molar mass distribution (ca. Đ = 1.5−2.0) was obtained with this method.
C−C Bond Dissociation/Combination Processes
Besides the commonly used motifs of CRP based on carbon− sulfur, carbon−oxygen, carbon−halogen, or carbon−metal bond cleavage, processes involving carbon−carbon bond dissociation/ combination have also been investigated for many years. Since the 1980s, Otsu and co-workers 43, 44, 176 and Braun 177, 178 and coworkers reported pioneering studies of the use of tetraphenylethane derivatives to enable CRP. Compared to current CRP methods, broad molar mass distributions, poor end-group fidelity, and non-first-order kinetics at high conversions have limited the application of these methods in advanced material science. Furthermore, due to the generally high carbon−carbon bond dissociation energy, such systems frequently have low initiation efficiencies. In addition, the substituted diphenyl carbon-centered radicals produced by fragmentation, which are crucial species for initiating chain growth and deactivating polymeric radical chains to form dormant species, often undergo side reactions such as hydrogen abstraction and rearrangement, which leads to a decreased concentration of persistent radicals and undesired chain end groups. 43, 44 Simultaneously maintaining high activities in both activation and deactivation are challenging in these systems.
In perhaps the most promising case, Yang and co-workers reported cycloketyl radical-mediated living polymerization using BIXANDL under UV-light irradiation conditions (Scheme 23). 179 With this method a variety of (meth)acrylates could be photopolymerized in THF with greater than 80% monomer conversions, producing products with dispersity indices ranging from 1.39 to 1.48 and up to 107 kDa molar mass. The experimental M n showed a higher deviation from the theoretical value (M n,th ) at the beginning of the reaction and then gradually approached the theoretical number. The photoswitchable nature was verified with on/off experiments by periodically exposing a reaction solution to UV light (4 cycles), which resulted in a linear relationship between ln([M] 0 /[M] t ) and exposure time. The presence of the CX group at the end of each polymer chain was quantitatively confirmed with a standard BIXANDL UV absorption curve. Furthermore, subsequent chain extensions starting from presynthesized poly(MMA)−CX were conducted under photo-CRP conditions. The authors suggested that the highly resonance-stabilized CX • species is critical for the observed high performance in the dissociation/combination process.
Photoinitiated ATRP
In this section and in section 4 of this review we summarize the development of photoinitiated and photoredox, respectively, CRP reactions that utilize Cu complexes. Since many of these reactions are related to classic thermal ATRP, we briefly summarize the current state-of-the-art for the latter here. In traditional ATRP, alkyl halides, e.g., alkyl bromides (R−Br) or alkyl chlorides (R−Cl), are often used as the initiators or dormant species; control is attained through a metal-catalyzed activation/deactivation cycle 180−183 wherein the alkyl halide is activated by a low oxidation state transition-metal catalyst, i.e., activator, to generate an alkyl radical and an oxidized form of the transition-metal complex, also referred to as deactivator. Several monomer units can be added to the alkyl radical before the high oxidation state metal complex deactivates it to reform the dormant alkyl halide and the activator. Repeating the activation/ deactivation cycles for all dormant species allows the uniform growth of all polymer chains. Cu(I)/L and X−Cu(II)/L complexes, where L stands for the ligand, are the most common activators and deactivators, respectively. In contrast to conventional thermal ATRP, several new ATRP techniques that start from high oxidation state transition-metal complexes have been developed to overcome problems associated with fortuitous oxidation of activator. These techniques include reverse ATRP, 184 simultaneous reverse and normal initiation (SR&NI) ATRP, 185 and activator generated by electron transfer (AGET) ATRP. 186 One drawback of these ATRP techniques is the need for a high concentration of the metal complex to maintain the rate of polymerization throughout the reaction and overcome the effect of unavoidable biradical termination events that lead to irreversible formation of the deactivator complex according to the persistent radical effect. 78, 187, 188 To enable lowering the catalyst loading down to the sub-100 ppm level, 1, 9, 189 which is desirable for many applications, a continuous process of activator regeneration was introduced. Activator regeneration can be achieved simply by reducing the deactivator using various methods including addition of organic reducing agents such as tin II 2-ethylhexanoate, ascorbic acid, glucose, and zerovalent metals, etc. (a technique referred to as activators for continuous activator regeneration by electron-transfer or "ARGET" ATRP), 190−192 introducing an external radical initiator (referred to as initiators for continuous activator regeneration or "ICAR" ATRP), 193 or applying a cathodic current (as occurs in electrochemically mediated ATRP). 13 The activator (i.e., the low oxidation state transition-metal complex) in ATRP can also be regenerated via irradiation with light; this concept has been widely used to develop lightmediated ATRP reactions (i.e., "photo-ATRP"). There are two general photo-ATRP mechanisms that differ by the primary photochemical process: photoinitiated (discussed in this section) and photoredox (section 4.1.1) ATRP. In photoinitiated ATRP (Scheme 24A), the equilibrium between active and dormant species is achieved by photochemical production of free radical species to (re)generate activator, similar to SR&NI/ICAR ATRP. As in the case of all of the examples in section 3 of this review, photoinitiated ATRP involves photocleavage of a photoinitiator. In photoredox ATRP (section 4.1.1, Scheme 24B), photoinduced electron transfer reactions are the key primary photochemical process that either (re)generate activator or establish the ATRP equilibrium.
It should also be noted that zerovalent metals such as Cu(0) are able to activate R−X species to generate radicals. Percec and co-workers proposed a mechanism called SET-LRP to describe CRP in the presence of zerovalent copper. 7, 194 Haddleton and co-workers significantly broadened the application of this system to synthesize high molecular weight multiblock copolymers by sequential monomer addition 6, 195 and to prepare well-defined protein/peptide−polymer conjugates in aqueous solution. 196, 197 There is an ongoing debate regarding the details of SET-LRP and ATRP for the description of thermal CRP in the presence of Cu(0). 198−207 In this review, and in particular section 4, it is most relevant to focus on one of the key proposed distinctions between ATRP and SET-LRP: inner-versus outer-sphere electron transfer, respectively, as the main mechanism for R−X activation. Though these details have not been elucidated in most photo-CRP systems, both inner-and outer-sphere SET (OSET) almost certainly occur in photoredox CRP depending on the system.
In photoinitiated ATRP, a number of strategies have been used to reduce Cu(II)/L deactivators to Cu(I)/L activators in the presence of light. For instance, Cu(II)/L can be reduced to Cu(I)/L by free radicals that are generated in situ from photoinitiators through photocleavage under UV or visiblelight irradiation. Commercial photoinitiators including DMPA, benzophenone (BP), and (2,4,6-trimethylbenzoyl) diphenylphosphine oxide (TMDPO) have been used to conduct UVinitiated ATRP of MMA at room temperature. 208, 209 In these reports, the polymerizations began with Cu(II)/L, where L was PMDETA. Unlike conventional ATRP, these systems did not require an alkyl halide initiator; radicals derived from photolysis of the photoinitiators served as initiators for the polymerization and also as reducing agents to reduce Cu(II)/L to Cu(I)/L (such initiating systems are also known as "reverse ATRP"). 208, 209 The degree of control over the polymerization process could be improved by introducing a fraction of alkyl halide initiators, thus establishing an SR&NI ATRP process.
Yagci and co-workers implemented this technique in the inverse microemulsion polymerization of oligo(ethylene glycol) methyl ether methacrylate (OEGMA). 210 In addition to SR&NI ATRP, a combination of AGET and ICAR ATRP was investigated using highly active tris(2-pyridylmethyl)amine (TPMA) ligand. As shown in Scheme 25, Cu II Br 2 , PMDETA or TPMA as a ligand, and poly(ethylene glycol) (PEG)-based alkyl halide macroinitiator were dissolved in a mixture of OEGMA, water, and PEG550 costabilizers to form an aqueous solution. The aqueous solution was then slowly added to a surfactant-containing organic solution, thereby generating a stable water-oil inverse microemulsion. UV irradiation of the water-soluble photoinitiator Irgacure 2959 produced benzoyl and α-substituted alkyl radicals that readily reduced Cu(II)/L into Cu(I)/L in the droplets. It should be noted that the photoreduction of Cu(II)/TPMA could undergo other pathways, leading to a hybrid of ICAR ATRP and AGET ATRP mechanisms. This difference compared to the Cu(II)/PMDETA system will be discussed further below. Some of the droplets where Cu(II)/L was reduced served as the nuclei for the growth of polymer particles, while the remaining droplets functioned as monomer reservoirs. Therefore, polymer particles with larger size, compared to the size of the original monomer swollen micelles/droplets, formed due to the diffusion of monomer from the unactivated droplets to the growing polymer particles. It was also demonstrated that the particle size could be tuned by adjusting the UV exposure time, initial stoichiometry, and aqueous-phase fraction.
Photoinitiated SR&NI ATRP were extended to visible light using various dyes (e.g., eosin Y and erythrosin B) and Irgacure 819 photoinitiator. 211−213 Considerably higher values of experimental molecular weights compared to the theoretical ones and broad molar mass distribution (Đ ≈ 1.28−1.60) were Scheme 24. Simplified Mechanisms for Photoinitiated and Photoredox ATRP a a (A) Photoinitiated ATRP: reduction of Cu II with a photogenerated radical. From B1 to B3 photoredox ATRP: (B1) Cu I X/L is used as a photocatalyst; (B2) reduction of Cu II X 2 /L via photoexcitation; (B3) reduction of Cu II X 2 /L with an added photocatalyst.
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Chem. Rev. XXXX, XXX, XXX−XXX P observed in the dye-sensitized SR&NI ATRP. However, the polymers obtained by the Irgacure 819 system provided molecular weight values consistent with the theoretical values and narrow molar mass distribution (Đ ≈ 1.11−1.18). Visiblelight-induced electron transfer reactions of acylphosphine oxidetype photoinitiators, in conjunction with Cu II Cl 2 /PMDETA complex, were employed by the same group for both ATRP and copper-catalyzed azide−alkyne cycloaddition (CuAAC) processes. 214 Bowman and co-workers developed a novel copper(II) complex in which the counteranion, acylphosphinate (AP), served as a visible-light photoinitiator. 215 Cu II (AP) 2 /PMDETA was soluble in both aqueous and organic media and also exhibited the capability of catalyzing both CuAAC and ATRP upon visiblelight exposure. David and co-workers investigated in detail the photolysis of Cu II X 2 /L complexes in methanol at 350 nm and observed the formation of the corresponding Cu I X/L complex and formaldehyde as the products. 216, 217 A reaction of homolytic cleavage of Cu II X 2 /L complexes upon UV exposure was proposed, and Cu I X/L and halogen radical (X • ) formed as the primary photoproducts in this reaction. X • can be scavenged by methanol to form • CH 2 OH and HX (Scheme 26). The Yagci group reported ATRP initiated by photolysis of CH 3 OH/Cu II Br 2 / PMDETA/MMA solution where CH 3 OH served as a solvent. 218 It was proposed that the photoproduct • CH 2 OH could also reduce Cu II X 2 /L to Cu I X/L and form formaldehyde. In the overall process, the excess Cu II X 2 /L deactivator is continuously reduced to the Cu I X/L activator with the help of reactive solvent, i.e., CH 3 OH. It is widely known that the solubility of Cu II X 2 /L complexes in organic media is limited, often resulting in heterogeneous ATRP. However, addition of CH 3 OH into ATRP media promotes the solubility of Cu II X 2 /L complexes in the polymerization media, potentially enhancing the reversible deactivation process and maintaining a relatively high degree of control. Indeed, it was revealed that the presence of a small amount of CH 3 OH led to better control over molecular weights and narrower molar mass distributions of polymers compared to the heterogeneous systems without CH 3 OH.
In photoinitiated ATRP involving Mn 2 (CO) 10 , photogenerated • Mn(CO) 5 radicals are not only able to reduce the Cu(II)/L to Cu(I)/L directly but also to abstract halogen atoms from alkyl halides to generate alkyl radicals, as introduced previously in section 3.3 219 (Scheme 27) .
Recently, great interest has been placed on photoinitiated ATRP in the absence of conventional photoinitiators. 220 Chem. Rev. XXXX, XXX, XXX−XXX Q Ru(II) complexes have been extensively applied as catalysts in different polymerization reactions such as ATRP 3 and ringopening metathesis polymerization (ROMP). 224 Furthermore, the well-known photosensitivity of Ru(II) complexes has led to their predominant role in photoredox catalysis. 225 Photoactivated ROMP reactions have been reported by various groups, 226−229 in most of which Ru(II) complexes were used as precatalysts, although the polymerizations have also been successfully performed with tungsten, 230 rhenium, 231 and molybdenum 232 complexes. Surprisingly, the number of Rumediated photo-CRPs is rather limited. Tris(1,10phenanthroline)ruthenium(II) (Ru II (phen) 3 ) and tris(2,2′bipyridine)ruthenium(II) (Ru II (bpy) 3 ) have been used to initiate a free radical polymerization, but no controlled/living feature was demonstrated in these systems. 233, 234 Le Lagadec, Alexandrova, and co-workers developed a versatile photoactivated catalytic system for ATRP of MMA, St, and nBA based on cyclometalated ruthenium(II) complex. 235 We now turn to photoredox CRP reactions wherein SET is the key primary photochemical process. Following the preceding section, which focused on photoinitiated ATRP, we begin here with ATRP reactions that are initiated by photoinduced SET, i.e., photoredox ATRP. See section 3.9 for a detailed discussion of the differences between photoredox ATRP and photoinitiated ATRP.
Several groups continued a broad search for photosensitive additives that could generate electron donors under UV or visible irradiation to reduce Cu(II)/L deactivator to Cu(I)/L activator. These photosensitive reactants include semiconducting-doped ZnO nanoparticles, 236 graphitic carbon nitride, 237 alkyl dithiocarbamate, 238 and TiO 2 nanoparticles. 239, 240 In these systems, the reduction of Cu(II)/L involves OSET to Cu(II)/L from the excited additive (Scheme 29).
Mosnaćěk successfully polymerized MMA at 35°C by irradiation (λ > 350 nm) of solutions containing copper concentrations as low as 50−100 ppm. 241 A mechanism of direct photoreduction of Cu(II)/L accompanied by the formation of Br • radicals was proposed along with two possible photoredox processes: (1) Cu(I)/L could be excited to form [Cu(I)/L]*, which could then react with the dormant species;
(2) Cu(II)/L could absorb light, and the resulting excited state [Cu(II)/L]* could react with the (macro)radical. In addition to the ATRP initiating pathway, Br • radicals could also contribute to the initiation of a fraction of new polymer chains. A similar initiating system was extended by Jordan and co-workers to prepare (co)polymer brushes and patterned brushes on surfaces by surface-initiated ATRP. 242 Matyjaszewski and co-workers also reported visible/sunlightmediated ATRP using Cu II Br 2 /L; the photoreduction of Cu II Br 2 /L to Cu I Br/L was proposed to proceed by ligand to metal charge transfer in the photoexcited state. 221 TPMA and tris((4-methoxy-3,5-dimethylpyridin-2-yl)amine) (TPMA*) were utilized as ligands for the controlled polymerization of methacrylates and acrylates, respectively.
Later, the aliphatic tertiary amine tris[2-(dimethylamino)ethyl]amine (Me 6 TREN) was used as a ligand for Cu-mediated photo-ATRP by Haddleton and co-workers. 243, 244 Nearquantitative monomer conversion (>95%) was obtained, affording poly(acrylates) with dispersities as low as 1.05 and over 99% end-group fidelity. Moreover, well-defined α,ωheterofunctional poly(acrylates) could be synthesized using this method thanks to good compatibility of hydroxyl-and vicdiol-functional initiators with the polymerization conditions. Chem. Rev. XXXX, XXX, XXX−XXX One-pot diblock copolymerization by sequential addition of ethylene glycol acrylate to a poly(MA) macroinitiator was also successful (Figure 3 ). This approach was extended for the preparation of high-order acrylic multiblock copolymers comprised of four different repeat units. 245 ]. 246 A significant acceleration of the polymerization rate without compromising the chain-end fidelity was observed in polymerizations in ionic liquids, compared to the analogous system using dimethyl sulfoxide (DMSO) as solvent. An OSET mechanism, where an electron was transferred from photoexcited [Me 6 TREN]* to the alkyl halide, resulting in homolysis of the C−Br bond, was proposed by the authors (Scheme 30), and this process has continued to garner interest as discussed below. For example, another possible mechanism for this reaction could involve light absorption by the Cu(II)/L complex followed by reduction of the excited state complex by Me 6 TREN vide infra.
To further study this polymerization using Me 6 TREN as ligand, the Matyjaszewski group performed a series of kinetic measurements to quantify the rates of multiple proposed photomediated processes for radical generation (Table 1 , Scheme 31). 247, 248 The simulation results obtained using experimentally measured rate constants showed that the dominant reaction of activator regeneration is the photoreduction of Cu(II)/L by an excess of amine, i.e., Me 6 TREN, similar to an ARGET ATRP (i.e., reaction 1, Scheme 31). The radical cation from oxidized Me 6 TREN can initiate a new chain after proton transfer. The second most contributing reaction, 1 order of magnitude slower than the first one, is the photoinduced SET form the excited ligand to the alkyl halide (i.e., reaction 2, Scheme 31). Other photoinduced reactions such as homolytic cleavage of the alkyl halide (i.e., reaction 4, Scheme 31) or radical generation from the ligand or monomer (i.e., reaction 5, Scheme 31) were proposed to contribute negligibly.
Haddleton, Barner-Kowollik, and co-workers used pulsedlaser polymerization (PLP) and high-resolution electrosprayionization mass spectrometry (ESI-MS) to investigate the mechanism of this reaction using the same ligand, i.e., Me 6 TREN, and the alkyl halide initiator ethyl α-bromoisobutyrate (EBiB). 249 The chemical structures found by ESI-MS are listed in Scheme 32A. On the basis of these data, a more complicated process was proposed (Scheme 32B). Through this qualitative method, UV-light-induced C−Br bond scission of the initiator was observed, and the corresponding radicals propagated or reacted with Cu(II)/L. The authors again suggested that Cu(I)/L was generated via SET from excited Me 6 TREN to Cu(II)/L. The excited Cu(II)/L can also be reductively quenched by free ligand, forming Cu(I)/L as well as an amine radical cation. Although there are many other pathways that could generate radicals, the contribution of Me 6 TREN in the activator regeneration is predominant. We also note that very recently photoredox ATRP using TPMA ligand was developed by Matyjaszewski and co-workers for aqueous polymerization of OEGMA. 250 The above examples describe processes where SET serves to generate an activator in ATRP. Photoinduced electron transfer can also directly participate into the ATRP equilibrium through either photocatalyzed activation of R−X or photocatalyzed deactivation of R • . (Scheme 33A). 251 The mechanism in Scheme 33A (left) implies that the photoexcited deactivator is converted into the activator via reductive quenching with a propagating radical reductant. Although the number of ATRP reactions exclusively involving a reductive quenching mechanism is very limited, this process could occur concurrently in many photoinitiated ATRP reactions.
Conversely, the excited state activator could undergo oxidative quenching to produce a radical from a dormant species, i.e., R−X. ATRP involving an oxidative quenching mechanism has been achieved using photoredox catalysts containing different types of metals (Scheme 33A (right)). Poly and Laleveé and co-workers reported a copper-based catalyst, bis(1,10-phenanthroline)copper(I) (Cu(phen) 2 + ), that was capable of photoredox ATRP using a simple household blue LED. 251 Using ethyl αbromophenylacetate (EBPA) as the initiator and a low catalyst loading (80 ppm), good control over the polymerization of MMA in dimethylformamide (DMF) was observed. The excited state of the complex Cu(I)*/L can rapidly undergo oxidative quenching by the alkyl halide, resulting in the generation of Cu(II)−Br/L and a propagating radical. To achieve a fast enough regeneration of Cu(I)/L and to further reduce the catalyst loading down to 20 ppm, triethylamine (TEA) was added to accelerate the reduction of Cu(II)/L (Scheme 33B). various metal complexes have been developed and studied for photoredox-catalyzed CRP. In 2012, Fors and Hawker reported the first example of using the Ir-based photoredox catalyst tris(2phenylpyridinato)iridium(III) ( fac-[Ir(ppy) 3 ]) to conduct photo-CRP of methacrylates 222 (Scheme 34). Similar to the Cu-mediated reaction involving an oxidative quenching as introduced above (Scheme 33), the photoexcited Ir(III)* species can reduce an R−Br initiator to produce an alkyl radical, thereby initiating polymerization. This activation is most likely an OSET process. Importantly, the highly oxidizing Ir(IV) complex, which serves as a deactivator, is able to react with the propagating radical to regenerate the ground state Ir(III) PC and a dormant chain end. The living nature of this photoredox CRP was further demonstrated by an on/off experiment and chain extension from a poly(MMA) macroinitiator using benzyl methacrylate (BnMA) monomer. A random copolymerization of MAA and BnMA with 10% MAA resulted in a relatively narrow molar mass distribution (Đ = 1.24), which suggested some tolerance to the acidic monomer. Controlled polymerization of acrylates under the same conditions was more challenging due to the increased propagation rate of these monomers and the difficulty in chainend reduction compared to methacrylates. 255 Hawker and coworkers then optimized conditions for the polymerization of acrylates by increasing the concentrations of monomer and catalyst. 256 For example, 0.05 mol % of Ir(ppy) 3 , which is 10 times higher than what is typically used in the polymerization of methacrylates, resulted in a polymerization of 3.5 M MA with an improved molar mass distribution (Đ = 1.25 vs 1.45) in media containing benzyl α-bromoisobutyrate as initiator under irradiation by either 380 nm LEDs or a 50 W fluorescent lamp.
Using fac-[Ir(ppy) 3 ] as a PC and the bifunctional initiator dimethyl 2,6-dibromoheptanedioate, Yang and co-workers performed a one-pot process with sequential monomer addition of MMA and 1,1,1-trifluoroethyl methacrylate (TFEMA) to prepare poly(TFEMA)-block-poly(MMA)-block-poly(TFEMA) triblock copolymers. 257 A solvent effect study revealed that the polymerization in anisole gave a higher degree of control compared to the same polymerization in DMF or acetonitrile (MeCN). 258 Furthermore, Yang and co-workers reported that an alkyl iodide, perfluoro-1-iodohexane (CF 3 (CF 2 ) 5 I), could also be activated by photoexcited fac-[Ir(ppy) 3 ] for photoredox CRP of MMA. 259 In addition to fac-[Ir(ppy) 3 ], multiple Ir complexes were developed by the Laleveé group and used as photoredox catalysts. 260−262 Although little focus was placed on a controlled/ living process in these studies, it was demonstrated that these complexes could initiate a free radical polymerization or a free radical-promoted cationic photopolymerization. 4.1.3. Photoredox Catalysis Mediated by Other Transition Metals. Iron (Fe) has also been extensively studied as a catalyst in ATRP. 263 Polymerization of methacrylates using EBiB as initiator and [Fe II (bpy) 3 ](PF 6 ) 2 as photocatalyst resulted in relatively low levels of control and livingness. 224 During the writing of this review, Matyjaszewski and co-workers reported Fe-based photoredox ATRP of methacrylic monomers in the absence of additional ligands. 264 Molecular weight increased linearly with the conversion of monomer, and the dispersity index of polymer was as low as 1.15. Earlier work had already demonstrated that no additional ligands are required in ATRP of MMA using the Fe II Br 2 /Fe III Br 3 catalytic system due to the use of MeCN or DMF as polar solvents, which serve as solubilizing/stabilizing ligands. 265 In this Fe-based system, it was found that alkyl halides could be activated by FeBr 2 not only under thermal conditions but also by photoactivation at ambient temperature, i.e., an oxidative quenching process. In addition, photoreduction of FeBr 3 by MMA was also proved by NMR spectroscopy, which suggests that a photoredox process continuously regenerates FeBr 2 activator.
Digold bis(diphenylphosphino)methane dichloride ([Au 2 (μdppm) 2 ]Cl 2 ) has been shown to be able to catalyze photo-CRP of various (meth)acrylates. 266 However, poor control was observed in this system, which could be ascribed to an inefficient deactivation of propagating radicals by Au 2 (III) complexes that originated from the activation of alkyl halides by photoexcited Au 2 (II). Niobium (Nb) nanoparticles made from the suspension of NbCl 5 in anhydrous benzyl alcohol have also been introduced into photo-CRP of NiPAAm as a recyclable photocatalyst. 267 The carbon-centered radical on the benzyl alcohol-coated Nb nanoparticle, through a photopromoted electron transfer from surface to metal, has been proposed to be able to activate alkyl 
Chem. Rev. XXXX, XXX, XXX−XXX halides to form a propagating radical and Br • coupled to the Nb nanoparticle surface, although the deactivation mechanism has not been further explored and livingness has not been evaluated in this system. 4.1.4. Metal-Free Photoredox Catalysis. As noted in section 3, metal-free CRP reactions, including photo-CRP, have been known for decades. These reactions, however, typically require stoichiometric amounts of organic reagents (i.e., initiators or iniferters) to produce polymers. Building from the broad application of organocatalysis in organic synthesis, 268−272 researchers have recently begun to employ organic PCs in the context of polymerization. For example, facile access to radical cation intermediates via SET to organic PCs has enabled the development of metal-free variants of ROMP 273, 274 and cationic polymerization. 275 Hawker, Fors, and co-workers reported the first example of what they termed "metal-free ATRP" (note that OSET is likely operative in R−X activation in this case, as in all of the cases discussed in this section), which was catalyzed by an organic PC under 380 nm irradiation at room temperature. 276 A commercially available 10-methylphenothiazine (Me−PTH) PC was first tested; poor control over dispersity was observed, which the authors attributed to catalyst decomposition. To stabilize the catalyst, the nitrogen substituent on the phenothiazine ring was adjusted, and ultimately 10-phenylphenothiazine (PTH) was used (Scheme 35). Using PTH, photo-CRP of MMA was achieved with low dispersity and excellent chain-end fidelity. It was postulated that the higher reduction potential of excited PTH compared to Ir(ppy) 3 as well as the stability of the corresponding PTH radical cation are keys to the success of this reaction. An additional advantage of this system is its potential compatibility with a broad range of functional groups. Indeed, the polymerization of DMAEMA using 0.1 mol % PTH provided a much narrower molar mass distribution compared to the system with 0.005 mol % Ir(ppy) 3 (Đ = 1.11 vs 3.69). PTH and its derivatives have also been successfully used by Matyjaszewski and co-workers in the photo-CRP of AN. 277 Similarly, Miyake and Theriot reported another example of metal-free photo-CRP of MMA involving perylene as a photoredox catalyst. 278 Very recently, Matyjaszewski, Liu, Gennaro, and co-workers performed a series of kinetic, electrochemical, and density functional theory (DFT) calculation studies on the mechanism of this system using several phenothiazine derivatives and other photoredox catalysts. Both experimental and calculated results suggest that the deactivation involves an associative electron transfer involving a termolecular complex, which is the exact reverse of the dissociative electron transfer occurring in the activation process. 279 
Polymerization from Thiocarbonylthio and Trithiocarbonate Compounds
Although thiocarbonylthio and trithiocarbonate iniferters have been successfully used in controlled radical polymerization via a direct photochemical mechanism (see section 3), UV irradiation is generally required to achieve excitation. In an effort to conduct analogous polymerizations using visible light, chemists have employed PCs that absorb strongly in the visible region 225, 280, 281 and undergo SET to thiocarbonylthio or trithiocarbonates to initiate photoredox-catalyzed iniferter processes. Note that these polymerizations are frequently referred to as photo-RAFT or photoinduced electron transfer RAFT (PET-REFT). Though the RAFT equilibrium is almost certainly involved, given the currently proposed mechanism (which admittedly has not been studied in great detail), and following the mechanistic distinctions presented above, we suggest that the term photoiniferter polymerization is more appropriate to describe the examples described throughout section 4.2. Regardless of the terminology used, these reactions are extremely versatile and useful for polymer synthesis.
A simplified mechanism for these reactions is provided in Scheme 36. Activated by electron transfer from an excited photoredox catalyst (PC*), the iniferter radical anion can produce a radical (P n • or P m • ) that can undergo either propagation or reversible chain transfer (RAFT process). The sulfur fragment of the iniferter agent (ZCS 2 − ) and PC +• can deactivate the growing radical chain by generating a dormant macroiniferter and a ground state PC. These compounds can reenter the catalytic cycle through further photoinduced SET events. 282 4.2.1. Iridium-Catalyzed Processes. In 2014, Boyer, Xu, and colleagues established a robust fac-[Ir(ppy) 3 ]-catalyzed photo-CRP of conjugated and unconjugated monomers from thiocarbonylthio and trithiocarbonate compounds using lowenergy visible LED light (λ max = 435 nm). 283 For example, 4cyanopentanoic acid dithiobenzoate (CPADB), 3-benzylsulfanylthiocarbonylsulfanyl propionic acid (BSTP), and 2-(nbutyltrithiocarbonate)-propionic acid (BTPA) (Scheme 37) iniferters have been successfully applied to photo-CRP of acrylamides N-(2-hydroxypropyl) methacrylamide (HPMA), NiPAAm and N,N-dimethylacrylamide (DMA)), (meth)acrylates (e.g., MMA, MA, and OEGMA), and St. Furthermore, xanthates enabled the efficient polymerization of vinyl esters (e.g., VAc, vinyl pivalate (VP), and vinyl benzoate (VBz)) and amides (e.g., NVP). Collectively, PET-iniferter-mediated CRP offers a versatile protocol to prepare polymers with molar masses ranging from 10 3 to 2 × 10 6 g/mol and narrow molar mass distributions (ca. Đ = 1.1−1.4). High end-group fidelity was shown by chain extensions to yield multiblock copolymers with low dispersity values. Moreover, photocontrol was demonstrated by exposing the reaction solution to on/off cycles. Importantly, this method also allows for the synthesis of polymers under nonrigorously degassed conditions, as the iridium PC is able to consume some oxygen within the system. To demonstrate the end-group integrity of polymers obtained under air, chain extension experiments were further conducted by directly adding nondegassed solutions of monomers into the reaction, which afforded block copolymers with precise control over molecular weight.
Combining this Ir-catalyzed photo-CRP method with an enzymatic monomer transformation, the Boyer group also developed a facile technique to prepare multiblock copolymers (e.g., poly(MA)-block-poly(EA)-block-poly(PA)-block-poly-(nBA)-block-poly(P′A)) (PA = n-propyl acrylate and P′A = npentyl acrylate) with high conversions of each monomer. 284 This protocol provides an alternative way to synthesize complex polymeric materials with multiple functionalities and sophisticated structures.
Isotactic and syndiotactic polymers often possess distinct physical and chemical properties compared to atactic ones. Although metal-catalyzed and living ionic polymerization strategies can provide good control over tacticity in some cases, it is still challenging to obtain polymers with high stereoselectivity via radical processes. Inspired by the seminal works from the Matyjaszewski 285 and Okamoto 286 groups, Boyer and Shanmugam applied rare earth metal triflates to the fac-[Ir(ppy) 3 ]-catalyzed photo-CRP reaction from BTPA to control its tacticity. 287 By complexation of Y(OTf) 3 with monomers and growing radical chains, a strategy that has also been previously used by Li to improve stereoselectivity in photo-CRP from DBTTC, 62 the isotacticity of the polymer chains increased (m/r tacticity changed from 0.48/0.52 to 0.84/0.16). Since DMSO can coordinate to Y(OTf) 3 and poison this Lewis acid, the isotacticity of polymers can be gradually changed by the portionwise addition of DMSO into the reaction system. On the basis of this strategy, pseudogradient pentablock polymers containing five segments of varying degrees of isotacticity were successfully synthesized. This work facilitates further investigations into the physical and chemical properties of novel stereoblock and gradient copolymers. 4.2.2. Ruthenium-Catalyzed Process. While Laleveé and others demonstrated that Ru(bpy) 3 Cl 2 can be utilized as a photoredox catalyst to perform free radical polymerizations, 234,288−290 Boyer and co-workers made important contributions to photo-CRP from thiocarbonylthio (e.g., CPADB) and trithiocarbonate (e.g., BTPA) iniferters with the same catalyst. 291 As exemplified in their work, methyl acrylates, acrylates, and acrylamides are all successful monomers that can be transformed into corresponding polymers with very narrow molar mass distributions (ca. Đ = 1.1) and excellent end-group fidelity. Successive chain extensions with the same photo-CRP method yielded decablock copolymers. Similar to the related Ir(ppy) 3 -catalyzed photo-CRP, this reaction is also tolerant to limited amounts of oxygen and it can be regulated by on/off cycles, even starting from nondegassed reaction mixtures. To understand whether Ru(bpy) 3 Cl 2 is decomposed during the photopolymerization under air, the authors prepared a preirradiated catalyst solution under air without monomers and iniferter and used it for subsequent air-free polymerization of MMA from CPADB under irradiation. By comparing the obtained kinetic study results to that of control experiments, they found no clear difference as shown in Figure 4A , suggesting the absence of significant decomposition of catalyst under air. Furthermore, the oxygen tolerance investigation was conducted at different catalyst concentrations. Interestingly, as illustrated in Figure 4B , although much longer induction times are required for cases in the presence of oxygen, linear kinetic plots are afforded with a similar but lower slope for both catalyst concentrations tested, implying a constant radical concentration during the polymerizations. The authors suggested that the retarded polymerization under air is due to a slow consumption of oxygen in the system. Nevertheless, precise control over molar mass distribution was observed for experiments conducted both in the absence and in the presence of oxygen.
With the Ru(bpy) 3 Cl 2 PC, Boyer, Xu, and co-workers also developed photo-CRP with visible LED lights in water. 292 293 Chlorophyll A (Scheme 38), which features a substituted chlorin ring, a central magnesium atom, and a hydrocarbon tail, is a specific form of chlorophyll 293 that is used by all oxygenic photosynthetic organisms. It serves as an electron donor in the electron transport chain (ETC) that drives adenosine triphosphate (ATP) synthesis. The electron transfer step from the photoexcited Chlorophyll A to a ground state acceptor is similar to the initiation of many recently reported photoredox reactions. 294 In light of the photochemistry of Chlorophyll A, this molecule has been employed in photo-CRP from thiocarbonylthio (CPADB, CDB, and CTP) and trithiocarbonate (BTPA, BSTP, and CDTPA) iniferters under irradiation with blue (λ max = 461 nm) and red (λ max = 635 nm) LED lights. 295 This process enables the polymerization of various acrylates and acrylamides to yield polymers with narrow molar mass distributions (ca. Đ = 1.1−1.2). The end-group fidelities were confirmed by NMR and UV−vis spectroscopic analysis as well as with chain extension studies. Light-controlled polymerization using on/off cycles has also been successfully demonstrated. Very recently, Boyer and co-workers also reported the employment of a biocatalyst, Bacteriochlorophyll A, to promote photo-CRP of MMA in DMSO using near-infrared/far red light irradiation as an external trigger. Utilizing the ability of near-infrared light to penetrate through a translucent barrier the authors conducted the photo-CRP by irradiation of reaction mixtures through paper sheets of various thicknesses (0.05−0.2 mm). 296 4.2.4. Zinc Porphyrin-Enabled Photo-CRP. In past decades porphyrin compounds have garnered interest due to their numerous applications in fields such as energy conversion, medicine, electronics, organic synthesis, and so on. 297, 298 In the 1990s, metalloporphyrin catalysts were utilized to promote living anionic polymerization. 299, 300 Later, the Matyjaszewski 301 and Bruns 302 groups applied iron−porphyrin complexes (based on heme) to mediate ATRP reactions. In 2015, Boyer and coworkers reported that zinc porphyrins (ZnTPP, Figure 5A ) were able to promote photo-CRP from trithiocarbonate iniferters with different (methyl)acrylates and (methyl)acrylamides monomers (ca. Đ = 1.1−1.2). 303 Interestingly, according to the redox potential of the thiocarbonylthio (e.g., CPADB, −0.4 V versus SCE) and trithiocarbonate (e.g., BTPA, −0.6 V versus SCE) compounds tested within this study, the former should be easier to initiate via a singe-electron reduction. However, the ZnTPPcatalyzed photopolymerization with dithiobenzoate CPADB was sluggish; the photo-CRP with the trithiocarbonate BTPA was much faster. The authors suggested that this unique selectivity can be attributed to an unusual interaction between ZnTPP and the trithiocarbonate that generates a redox-active coordination environment for the redox-inert zinc center. The authors demonstrate that due to the different absorption intensities of ZnTPP within the visible-light spectrum (Figure 5B ), the polymerization rates show a wavelength dependence as one would expect. As shown in Figure 5C , these reaction rates follow an order of yellow > green > orange > red and blue. In addition, this photo-CRP method can afford temporal control by switching the light on or off. 4.2.5. Photo-CRP under Metal-Free Conditions. Organic PCs have also been used as alternative options to metal-centered complexes in photo-CRP reactions of thiocarbonylthio and trithiocarbonate iniferters.
Scheme 37. Chemical Structures of Selected Thiocarbonylthio Iniferters Used in PET-Iniferter-Mediated CRPs Enabled by Photoredox Catalysis
Eosin Y (Scheme 39) is a common organic dye that is usually applied in fluorescence studies. It has also been successfully utilized to mediate free radical polymerization under photochemical conditions by Bowman, 304 Peŕez-Luna, 305 and others. 306 Using Eosin Y as a putative photoredox catalyst, the Boyer group realized photo-CRP of various functional monomers of glycidyl methacrylate (GMA), HEMA, OEGMA, Scheme 38. Employing Chlorophyll A as a Catalyst for Photo-CRP 
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Chem. Rev. XXXX, XXX, XXX−XXX X DMAEMA, pentafluorophenyl methacrylate (PFPMA), MAA, and HPMA, which yielded corresponding polymers with narrow molar mass distributions. 307 MeCN, water, DMSO, and DMF were compatible solvents with this method. Importantly, the addition of triethylamine as a sacrificing agent to reduce oxygen enables the polymerization to be conducted under an aerobic atmosphere. Moreover, the additional amine also provides a shorter induction period as demonstrated by kinetic studies. Later, the same group designed a novel porphyrintrithiocarbonate TPP-BSTP (Scheme 39), which acted as a light-harvesting antenna that facilitated the electron transfer process from the porphyrin to the trithiocarbonate unit under LED irradiation (green or red light sources). 308 In contrast to the reaction with both TPP and BTPA (TPP/BTPA = 2/98), the combination of TPP-BSTP and BTPA (TPP-BSTP/BTPA = 2/ 98) provides a much faster reaction rate (in 6 h reaction time, 3% conversion versus 56% conversion) under otherwise identical reaction conditions. Beside the target products with BTPA in their structure, unsurprisingly, polymers terminated with the TPP catalyst are also produced in this method as observed by 1 H NMR analysis. The authors also found that extending the connecting chain between TTP and BSTP by adding a −CH 2 CH 2 − group resulted in a decreased reaction rate and less control over the molar mass distribution.
The Johnson group found that the organic photocatalyst PTH was also capable of promoting photo-CRP from a symmetric trithiocarbonate using a CFL bulb as a light source to yield telechelic polymers. 282 In this method, the polymerization could be efficiently switched between on and off in response to irradiation. The molar masses of the polymers increased linearly with conversion and narrow molar mass distributions were obtained (Đ < 1.2). Enabled by the high fidelity of the trithiocarbonate units incorporated in the center of these polymers, chain extension reactions with different methods including the visible-light-mediated protocol using a PTH catalyst, the UV photoiniferter method, and traditional RAFT polymerization were successfully employed to prepare triblock copolymers.
Polymerization from Organoselenium Compounds
Organoselenium compounds are interesting in materials science, organic synthesis, pharmaceuticals, and photochemistry. 164 In 2004, Singh and colleagues developed a novel method to produce seleno-terminated polystyrene under visible-light photoredox conditions making use of DMA as a photocatalyst (Scheme 40). 309, 310 Although the molar mass distributions for the obtained polymers were normally between 1.23 and 1.60, pseudo-first-order kinetics in monomer conversion were observed in these transformations. The seleno group on the polymeric chain end was proven by a successful chain extension under the same photopolymerization conditions (before: M n = 5600 g/mol, Đ = 1.35; after: M n = 17 100 g/mol, Đ = 1.60). Results of on/off experiments have not been reported for this system. A tentative mechanism is illustrated in Scheme 40, the excited DMA* molecule first donates an electron to PhSeSiR 3 , generating a radical cation species (DMA +• ) and an unstable [PhSeSiR 3 ] −• species, which further cleaves into a Se-centered anion and a Si-centered radical. The • SiR 3 radical reacts with the dormant polymeric chain (P n −SePh) and reinitiates the polymerization. During this process, extra ascorbic acid was added to reduce the oxidized photocatalyst; the mechanism for oxidizing a PhSe − species to a radical has not been proposed. 310 
APPLICATIONS
Surface Fabrication
Surface modification is a powerful approach to generate materials with novel properties. 311−313 Photopolymerization on a surface of a material is pervasively employed to achieve desired surface properties such as adhesiveness, wettability, biocompatibility, etc. 23, 314, 315 Additionally, photopolymerization is a versatile tool for spatially controlled surface modification. Since there have been prominent reviews on surface fabrication with photopolymerizations, 314−317 this section primarily focuses on surface fabrication with the emerging photo-CRP methods, which allow for the fabrication of surface-bound polymers with controlled structure and morphology as well as complex patterns and functionalities, all in a living fashion.
5.1.1. Surface Fabrication of Flat Materials. 5.1.1.1. Surface Grafting with a Layer/Layers of Polymer Chains. 5.1.1.1.1. Fabrication with Semipinacol-Functionalized Surfaces. The photoreduction of aromatic ketones generates carbon-centered ketyl radicals in the presence of hydrogen donor substrates. The ketyl radicals are capable of transforming growing radical chains into dormant species, which can be reversibly activated under UV conditions, as shown in Scheme 41. Taking advantage of this process, semibenzopinacol derivatives have been connected to the surface of materials to initiate the growth of polymer brushes. Notably, the semibenzopinacol free radical can add to monomers or undergo termination via homocoupling, which usually results in limited control.
Ranby and Yang designed a surface grafting polymerization with benzophenone derivatives as photoinitiators on the surface of low-density polyethylene (LDPE) films and proposed the reinitiating ability of the semibenzopinacol end groups. 318 Samulski and co-workers also discovered that benzophenone is very effective for the grafting of styrene onto polypropylene substrates. 319 Later, Bowman and co-workers developed a two-step sequential living graft photopolymerization method to produce hydrophilic polypropylene membranes with negatively charged Chem. Rev. XXXX, XXX, XXX−XXX surfaces by grafting acrylic acid. 320 In the first step, a surface initiator was formed via C−H bond functionalization on a substrate under UV irradiation in the presence of benzophenone solutions. In the second step, monomers were grafted to the substrate by photopolymerization from the pretreated surface. The grafting density and graft polymer chain length could be controlled by alternating the reaction parameters. As demonstrated by kinetics studies, there was a linear relationship between the graft polymerization rate and the monomer concentration. This two-step method also showed a reaction rate 4-fold greater than the one-step method of directly grafting acrylic acid onto polypropylene membranes with benzophenone. Frećhet and coworkers evaluated the effect of both methods on the performance of photografting hydrophilic monomers on macroporous polymer monoliths. 321 Yang and co-workers developed a surface grafting polymerization induced by visible-light irradiation at room temperature. 322 In this approach, isopropyl thioxanthone is first reduced under UV light and subsequently coupled onto low-density polyethylene films. Both the surface grafting chain length versus conversion of monomer and the grafting polymerization rate versus concentration of monomer showed a linear dependence, which are in accord with the characteristics of a photo-CRP. They also introduced different graft compositions with desired functions such as thermosensitive or pH-switching properties onto polymeric membranes.
5.1.1.1.2. Fabrication with Thiocarbonylthio-Functionalized Surfaces. On the basis of the photoiniferter strategy developed by Otsu and co-workers, Hadziioannou and coworkers explored photografting polymerization from monolayers of thiocarbonylthio iniferters on the surface of silicon wafers or glass slides 323 as shown in Scheme 42. This method can not only change the hydrophilicity of the surface by polymerizing different monomers but it can also regulate the layer thickness (up to ∼100 nm) by managing reaction parameters. Importantly, single-layer grafted block copolymers are easily achieved by subsequent photopolymerizations of different monomers. The combination of the photoiniferter with surface grafting opens new ways to modify the properties of substrates and provides useful access to various functional surfaces.
Bowman and colleagues investigated the grafting efficiency and graft conversion of EGMA on the surface of dithiocarbamate-containing polymer substrates. 324 A novel methylacrylic monomer iniferter was chemically tethered to the growing polymeric backbone, enabling the production of photopattern-able grafted polymer networks. 325, 326 Nishida, Endo, and coworkers investigated a graft polymerization of vinyl monomers on a photoiniferter precoated solid material under UV irradiation; controlled radical polymerization of vaporized monomers on the solid surface was achieved. 327 By immobilizing photoiniferters on polypropylene microfiltration membranes, the Ulbricht group achieved surface-selective graft functionalization, 328 promoting the preparation of advanced macroporous membranes with a wide range of functional properties.
Metters and colleagues systematically studied the kinetics of photopolymerization from a solid surface precoated with photoiniferers. 329, 330 While the initial rate of the polymerization approximately followed a first-order dependence on monomer concentration, the reaction rate decreased with reaction time, indicating the presence of termination reactions at high conversions of monomers. 329 By comparing model predictions with experimental data, they suggested that bimolecular termination is the dominant termination mechanism. Moreover, they evaluated the effect of incident light intensity and concentration of an added deactivating compound (tetraethylthiuram disulfide (TED)) on the polymerization kinetics. 330 In accord with the model predictions, the experimental results indicate that the maximum thickness of the poly(MMA) layers improved as the concentration of TED increased and as the irradiation intensity decreased. Kilbey and co-workers revealed that the polymer layers prepared in the presence of TED more readily formed surface-tethered block copolymers upon reinitiation under light compared with polymer layers produced without TED. 331 With photoiniferter-immobilized Si/SiO 2 substrates, Spencer and co-workers developed aqueous-phase fabrication of surfacebonded poly(MMA) brushes with a UV-LED as a light source at room temperature. 332 The poly(MMA) layer could lubricate the solid surface and reduce sliding friction in an aqueous environment. Facilitated by a similar strategy, these authors also tethered poly(acrylamide) brushes onto solid surfaces with up to 1 μm thickness in water. 333 Adding trace amounts of the cross-linker bis(acrylamide) in the presence of monomers afforded covalently cross-linked hydrogel brushes, which strongly influenced both bulk and interfacial properties of the polymer films. In agreement with theoretical studies, the incorporation of cross-linked networks resulted in a substantial increase of film wettability with water as the polymer-brush conformational freedom decreased. Recently, Spencer, Benetti, and co-workers reported the synthesis of surface-grafted polymeric films featuring graded physical properties. 334 As illustrated in Scheme 43, two-layer films comprising either a Chem. Rev. XXXX, XXX, XXX−XXX Z "free" polymer brush supporting a cross-linked brush-hydrogel or a gel supporting a "free" polymer brush were prepared by employing different sequences of photoiniferter-mediated photografting polymerization. This method enabled the incorporation of a predetermined amount of cross-linked brush-hydrogel at specific depths within the grafted layers, offering novel access to films with adjustable and gradable bulk physical and interfacial properties.
In light of the strong interaction between gold and sulfur, Vancso and co-workers tethered dithiocarbamate photoiniferters on a gold surface via thiolate anchors. 335 With a stepwise process involving (1) grafting of poly(MMA) brush layers from the iniferters, (2) functionalization with the cell-adhesive arginineglycine-aspartic acid (RGD) motif, and (3) extension of the brush by reinitiating the polymerization to obtain an additional layer of polymers, the peptide-functionalized segments were successfully buried inside the brush structure. Immunofluorescence studies indicated that there is a direct correlation between the vertical position of the RGD motif and the cell morphology. 336 Also on a gold surface, Jiang and co-workers photografted zwitterionic carboxybetaine polymer thin films with uniform and controlled thickness at high surface packing densities. 337 Related evaluation with a surface plasmon resonance biosensor demonstrated the protein-resistant properties of grafted films; they displayed ultralow fouling to undiluted human blood plasma. Antibody immobilization enabled the detection of the corresponding antigen directly from undiluted human plasma down to ∼1 ng/mL. Employing amino acid (e.g., aspartic acid and glutamic acid) derivatives as vinyl monomers, Liu and co-workers synthesized a variety of zwitterionic polymers grafted on gold surfaces, providing films with ultralow adsorptions from undiluted human serum and plasma. 338−340 Qiao and colleagues developed a thin film (ca. 5 nm) fabrication technology based on the continuous assembly of polymers from dithiocarbamates on the surface of Si wafers. 341 In this method, macromolecules substituted with acrylates were used as both monomers and cross-linkers, allowing the production of cross-linked and surface-confined films in one step.
Finally, Yin and co-workers prepared two-layer polymer brushes possessing dual functions on photoiniferter-modified cycloolefin polymer (COP) surfaces. 342 By combining a nonfouling poly(EGMEA) bottom layer with a poly(AA) top layer for antibody loading on a COP surface, this technique improved the antigen detection efficiency and suppressed fibrinogen interference on antigen recognition. 5.1.1.1.3. Fabrication with Metal-or Metalloid-Mediated Photopolymerization. From a bromo-isobutyryl bromidefunctionalized cellulose surface, photo-ATRP has been employed by Carlmark and co-workers to fabricate brushes from MA and DEGA monomers. 343 They observed that the polymerization on the surface proceeded with different kinetics and resulted in broader molar mass distribution compared to polymerization with a free initiator.
Inspired by recent studies of Hawker and Fors, PCs have been applied to surface grafting. 222 Yang and colleagues combined Ir(ppy) 3 -catalyzed surface-grafting polymerization and thiol− yne click reactions under visible-light irradiation and synthesized poly(propargyl methacrylate) films on LDPE substrates containing reactive thiol groups. 344 Meng and co-workers applied visible-light-controlled photoredox catalysis to polymerize a series of hydrophilic and polar methyl acrylates on a microporous polypropylene membrane surface. 345 The dormant chain ends of grafted polymers could be reactivated to produce diblock copolymer brushes.
Wu and co-workers demonstrated the use of Mn 2 (CO) 10 for surface grafting polymerization on Au surfaces with a visible-light source. 346, 347 Ellipsometry analysis indicated that the formation of poly(NiPAAm) films of up to 200 nm in thickness could be achieved in about 10 min at room temperature. Later, they applied the same method to modify the surface of PDMS, which is usually not trivial due to the chemical inertness of the substrate. With a two-step procedure, the PDMS surface could be functionalized with a variety of polymers, such as poly(TFEMA), poly(NiPAAm), poly(AA), and poly(VAc).
Tsujii and co-workers synthesized brushes of water-soluble polymers (poly(HEA) and poly(PEGA)) on silicon wafers by organotellurium-mediated photopolymerization. 158 Since the graft polymers have no charged groups, adding extra salt had little effect on their swollen structures and frictional properties. In addition, good lubrication was realized for the concentrated polymer brushes of poly(PEGA) without the help of electrostatic interactions.
5.1.1.2. Fabrication with Designed Patterns. The generation of patterned polymer films with controlled nano/microstructure has witnessed rapid development in the past decade. 348−350 Patterning polymer films on solid surfaces is critical for many important applications such as the manufacturing of microchips and microelectromechanical devices as well as the preparation of substrates for cell growth and adhesion. 348−350 CRP methods are typically able to produce polymer patterns with high fidelity, high grafting densities, diverse functionalities, and good mechanical properties, and they are often compatible with other patterning techniques. 349, 351, 352 The recent advances in photo-CRP have provided considerable advantages for preparing complex chemical patterns in a spatially and/or temporally controlled fashion, which is of paramount importance for developing new applications.
With preprepared semibenzopinacol-functionalized macroporous polymer monoliths, the Frećhet group developed a patternable photografting technique by first grafting a hydrophilic surface within the monolith that was subsequently patterned with a layer of reactive polymer chains and immobilized with green fluorescent protein, which enabled microanalytical devices. 321 
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Chem. Rev. XXXX, XXX, XXX−XXX Metters and colleagues reported the creation of surfaces exhibiting position-dependent chain density of a functional anionic monomer in a continuous manner. 353 These surfaces were functionalized with cell-adhesive RGD peptide gradients, providing specific cell adhesion in a spatially defined manner across a macroscopic surface. Cell adhesion increased in the direction of increasing RGD density.
Anseth and co-workers demonstrated the application of photografting of polyacrylates from polymer substrates to produce chemically and biologically active surfaces that are responsive to cells ( Figure 6 ). 354 While grafting poly(ethylene glycol) acrylate can inhibit cell adhesion thanks to its inherent hydrophilic properties, NIH 3T3 fibroblast (American Type Tissue Collection) adhesion selectively takes place in spatially grafted regions, offering a cell differentiation technique. In addition, methacrylated carboxyfluorescein diacetate (CFDA) functionalities were photografted onto cell-adhesive substrates to demonstrate cellular sensing in specific patterned regions on polymer surfaces.
Vancso and co-workers reported the efficient synthesis of tunable temperature-responsive poly(NiPAAm) brushes. 355 The temperature-induced morphology and adherence changes of the microscale-patterned gold surfaces were measured with in-situ atomic force microscopy (AFM) near the lower critical solution temperature (LCST) of poly(NiPAAm) in aqueous environments, affording a "smart" thermoresponsive polymeric surface.
Recently, Hawker, Poelma, and co-workers demonstrated an excellent example of temporally and spatially controlled brush formation with their Ir(ppy) 3 -catalyzed photo-CRP. 356 This surface fabrication technique has advantages that include the following: (1) initiating species remain intact in unexposed regions and thus they can be utilized in further transformations;
(2) neutral density filters can be used to regulate the intensity of incident light, which is directly correlated with the polymerization kinetics on a surface, thus allowing for the preparation of gradient brushes and arbitrary three-dimensional (3D) structures in one simple step over a large area; (3) the initiating activity can be kept after the initial polymerization step, enabling patterning of block copolymer brushes with different chemical functionalities and surface topographies. The micrograph in Figure 7A shows clear patterning of the poly(MMA) brushes obtained under irradiation through a photomask containing rectangular patterns. The authors suggest that the short excited state lifetime of the Ir(ppy) 3 catalyst (ca. 50 ns) is the key to minimizing the influence of diffusion on the resolution for this system. Enabled by the outstanding three-dimensional spatial control of this method, a variety of surface features including inclined planes, microprisms, gradients, and arrays of microlenses were readily prepared with a grayscale lithography mask. Figure 7B shows a 3D AFM image of an inclined plane prepared from a uniform initiating layer in a single step. In addition, spatially defined block copolymer brushes were prepared by efficient reinitiation of the active alkyl bromide chain ends on the first poly(MMA) layer. As shown in Figure 7C −E, patterned block copolymer brushes are selectively converted from hydrophobic to hydrophilic, demonstrating that variations of surface properties can be efficiently achieved. Hawker, Fors, and co-workers also applied this photoredox catalysis system to manufacture well-defined chemically differentiated monolayers and complex nonlinear chemical gradients with multiple functionalities. 357 With a newly designed iridium complex, Laleveé, Gigmes, and co-workers developed radical and cationic polymerizations from surfaces. In this system, surface modification was conducted by direct writing using a visible-light laser. As shown in Figure 8A , with a green Nd:YAg laser emitting at 532 nm, micropatterns with controlled heights were obtained by varying the laser power in a constant irradiation time. A main advantage of laser writing is the ability to arbitrarily generate microstructures over the sample surface. To demonstrate this potential, a logo ( Figure 8B ) and regular grids were produced by polymerization on the polymer surface. In these studies, the height of the structures is constantly maintained, demonstrating excellent control. 262 Zhou and co-workers reported the application of photo-ATRP with Cu to produce various patterned surfaces of brushes in the 
Chem. Rev. XXXX, XXX, XXX−XXX presence of ruthenium-complex-sensitized titanium oxide nanoparticles. 239 Patterns with sub-50 nm resolution were obtained with a simulated sunlight source in their study. The Yang group prepared poly(TFEMA) grafted layers with different surface morphologies on semibenzopinacol-modified LDPE surfaces. 358 Their results indicated that the incorporation of micro-and nanoscale hierarchical structures altered the surface roughness, resulting in improved hydrophobicity of the material. On the basis of similar photochemistry, Yang and others developed a strategy to prepare 3D protein micropatterns with an antifouling background and a high protein capacity. 359 A twostep grafting process that involves growth of poly(EGMMA) and a mixture of GMA and poly(ethylene glycol) diacrylate (PEGDA) was employed to afford height-controllable cylinder microarrays, which provided a larger protein loading to enhance the signal intensity. The patterns were used to test the immunoglobulin G concentration in human serum, suggesting potential applications in biomedical diagnosis.
Soppera and colleagues employed photopolymerization from an alkoxyamine (see section 3.2) to fabricate functional micropatterns by UV mask lithography. 360 Taking advantage of the active chain ends that remained in polymers from the first grafting step, vertical spatial control from tens of nanometers to a few micrometers was achieved to generate covalently bonded hydrophilic/hydrophobic micropatterns and luminescent surfaces.
5.1.1.3. Surface Grafting with Particles. On the basis of the success of the two-step surface photografting polymerization from benzophenone derivatives, the Yang group investigated the use of conventional emulsions and microemulsions as grafting media. 361−363 Solid polymer nanoparticles with uniform particle size distributions were successfully immobilized on the surface of polypropylene films, as confirmed by AFM and scanning electron microscopy (SEM) images. The dormant semibenzopinacol functionalities on the surface of these particles provided opportunities to graft multilayer nanoparticles. 361 With the development of a novel technique they called "in-situ polymerization stringed assembly", microscale spherical particles were grown on the surfaces of organic substrates with microemulsion as the photografting medium. 363 5.1.2. Surface Fabrication of Particles. From dithiocarbamate photoiniferter coated polymer particles, Kawaguchi and Tsuji prepared different types of temperature-sensitive hairy particles using NiPAAm and AA monomers. 364 When block polymers are used as hairy brushes, the sequence of each block is found to be a key factor for controlling the temperature responsiveness of the particles. These particles showed responses to pH and ionic strength. Meanwhile, interesting properties such as electrophoretic mobility, adsorption of dye molecules, as well as swelling/deswelling were also investigated in this work. The same photochemistry has also been used by Liu and co-workers to fabricate polyacrylamide-grafted cross-linked poly(vinyl chloride) beads, which are good adsorbents for Hg(II) ion removal from aqueous solutions. 365 Derouet and Thuc developed a procedure to prepare poly(MMA)-grafted silica microparticles. 366 On the basis of a combination of diazonium salt chemistry and the iniferter protocol, Sicard and colleagues obtained aluminum nanoparticles with strongly anchored polymer shells. 367 The thickness of the polymer shell reached 3−4 nm, which provided an organic coating that protected the metallic core from oxidation. With spherical colloidal core particles prepared in different sizes, Ishizu and co-workers applied copper-mediated photopolymerization from dithiocarbamates to graft polymer brushes. 368, 369 Using TiO 2 nanoparticles as photoactive materials to generate Cu(I) species from a Cu(II) precursor, Zhou and co-workers reported a UV-light-promoted photo-ATRP reaction from Cu II / L and applied this polymerization to yield polymer brushes on the surface of TiO 2 particles with controllable thickness, composition, and architecture. 240 Jain and others performed polymerizations from the surface of titania/reduced graphene oxide (TiO 2 /rGO) nanocomposites using a visible-light controlled photo-ATRP reaction. 370 With monomers of acrylamide, acrylic acid, and maleic anhydride, the Albertsson group developed a surface grafting from technique to prepare polylactide particle substrates modified with different chemical layers from semibenzopinacol-functionalized surfaces. 371 Although polylactide particles are directly used in the two-step fabrication, their 3D shape and molecular weights are not changed after grafting, indicating the nondestructive nature of this technique.
Particle Preparation
Three-dimensional micro-and nanoparticles with good mechanical properties, high water content, biocompatibility, or other interesting characteristics are of fundamental and practical importance for applications in many fields, such as drug delivery, biotechnology, electronics, nonlinear-optical devices, biomedical implants, catalysis, etc. 372−376 Photo-CRP provides another promising approach to prepare these small particles with complex chemical structures and uniform sizes.
On the basis of the properties of semibenzopinacol free radicals, Yang and colleagues reported the synthesis of various unique particles including hollow supramolecular polymer particles assembled by nanounits and linkers, 377 core−shell nanoparticles based on vulcanized acrylonitrile butadiene rubber latex, 378 microscale Janus particles facilitated by selective surface grafting polymerizations and couplings, 379 soft hydrogel nanoparticles with poly(NiPAAm) hairs, 380 as well as anisotropic particles with tunable morphology, dimensions, and surface roughness. 381 Yoshida applied the photochemistry of nitroxide compounds (see section 3.2) to synthesize micrometer-scale spherical vesicles by adjusting the ratio of alkyl methacrylates and MAA. 382−384 When the hydrophobic−hydrophilic balance of the copolymer is manipulated through the polymerization, materials with different morphologies are obtained.
Winnik and co-workers synthesized poly(MMA) microparticles with a narrow size distribution by dispersion photopolymerization with trithiocarbonate DDMAT as a photoiniferter. 385 Under UV irradiation conditions, poly(MMA) microspheres were obtained with variation in the particle diameter less than 3% using a macromonomer PEGMA as the stabilizer. Functional microspheres with carboxy-functional groups were prepared via a two-stage (seeded) polymerization with MAA as a comonomer in the second stage. These functionalized particles were effective substrates for attaching proteins such as bovine serum albumin (BSA) and IgG immunoglobulins. They also demonstrated that nearly 10 4 IgGs could be detected per PMMA microbead with the dyelabeled secondary antibody.
With the employment of Ru(bpy) 3 Cl 2 -catalyzed dispersion polymerization under visible-light photoredox conditions, the Boyer group reported the chain extension of poly(OEGMA) with benzyl methacrylate to afford in-situ self-assembled polymeric nanoparticles with various morphologies, including spherical micelles, worm-like micelles, and vesicles. 386 They also demonstrated temporal control over the polymerization process by modulating the light on and off as measured with online FTNIR spectroscopy.
The Qiao group demonstrated the one-pot synthesis of core cross-linked star polymer nanoparticles under visible-light irradiation using a trithiocarbonate iniferter. 387 This reaction system achieves the simple synthesis of star polymers with high end-group fidelity at high monomer conversions. The integrity of the chain ends kept in the star structures was evidenced by the efficient reinitiation from core-localized trithiocarbonate moieties to produce pseudomiktoarm star polymers with increased molecular weights.
Photoresponsive Gels
Self-healing materials that can repair internal and external damage are attractive for numerous applications. 388−391 Typical approaches to access mechanically robust yet self-healing gel materials rely on introducing bonds that become dynamic in response to external stimuli, such as photo, thermal, and chemical stimulation. 388−391 Taking advantage of the photochemical properties of trithiocarbonates, Matyjaszewski and co-workers demonstrated an elegant example of repeatable photoinduced self-healing of covalently cross-linked polymers (Scheme 44). 392 As described in section 3, under UV irradiation the carbon− sulfur bond of suitable trithiocarbonate groups can undergo homolytic cleavage to generate sulfur-centered radicals and carbon-centered radicals that can further react with other trithiocarbonate functionalities via degenerative chain transfer to produce new carbon−sulfur covalent bonds. Self-healing is achieved by exchange of such functionalities at the interface where two cut pieces are placed in contact. The tensile modulus obtained after healing was almost the same as that of an original sample under solution conditions, indicating an efficient photostimulated macroscopic self-healing. Additionally, selfhealing in the bulk state and for completely separated fragments were all successfully demonstrated. The photoresponsive reshuffling capacity of trithiocarbonate units was confirmed with model reactions between different trithiocarbonates under UV irradiation conditions. Later, the same group applied this strategy to produce selfhealing materials linked via thiuram disulfide units. 393 This modification allowed for the transformation to be stimulated by visible-light irradiation at ambient conditions in the presence of air. Self-healing of the polymeric networks was achieved through the reorganization of thiuram disulfide units initiated by sulfurcentered radicals formed from photolysis. The authors also disclosed that the healing efficiency depends on the ratio of reactive to permanent units in the networks. While incorporating more thiuram disulfide units in the network accelerates the selfhealing process, decreased mechanical strength of the resulting material is observed.
The swelling nature of cross-linked polymers in different solvents is a unique feature of polymeric gels and is directly affected by the network composition and structure. 394, 395 Investigation of efficient methods to modify network structure can benefit the development of functional materials including self-healing and shape-memory polymers. 391, 396 Taking advantage of trithiocarbonate units again, Matyjaszewski and coworkers achieved variation of the network mesh size of chemical gels by reshuffling reactions under UV irradiation. 397 In these experiments, the gels were treated with either good solvent or nonsolvent and subsequently exposed to external light stimulus to trigger the reconstruction of networks. As a result, the degree of swelling and network size increased in the presence of good solvents and decreased in the presence of nonsolvents, respectively. Since the networks do not degrade upon irradiation, such changes to the network properties are likely the result of formation or loss of elastically inactive "loop" defects. 398−400 Light has also been employed as a trigger for the growth of polymer chains within chemical gels, thus leading to a direct increase in mesh size. 401 After developing a photo-CRP from a bis-norbornene-substituted trithiocarbonate iniferter (see sec- 
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Chem. Rev. XXXX, XXX, XXX−XXX tion 3.1.1 for details), Johnson and colleagues synthesized norbornene-telechelic NiPAAm polymers and connected them with tris-tetrazine cross-linkers via inverse-electron demand Diels−Alder cycloaddition to provide gels that possessed trithiocarbonate moieties in the center of each network chain, as illustrated in Scheme 45. 66 Exposing the gels to sunlight in the presence of monomer solutions led to an increase in the average molecular weight between cross-links via direct extension of the network chains. The trithiocarbonate groups were cleaved by aminolysis, and the extent of photogrowth was quantified by GPC. This "photo-growth" process represents a novel strategy to prepare photoresponsive polymeric networks by photo-CRP. It also provides access to soft materials with both mechanical and chemical 3D gradients.
Novel Techniques Applied To Perform Photo-CRP
In many photopolymerization processes, although stronger light intensity increases the reaction rate, deleterious effects on molar mass distribution are observed when conversions reach higher levels. 45, 54, 65, 71, 72 To afford excellent control of well-defined polymers with narrow molar mass distribution, low light intensity and long reaction times are normally required. However, when large-scale synthesis of polymers via photo-CRP is desired, it is difficult to achieve uniform irradiation. 402, 403 Therefore, in contrast to thermal polymerizations, photopolymerizations typically require new equipment for different reaction scales to ensure uniform and sufficient irradiations. Therefore, a simple, scalable photopolymerization technique that could provide precise control over molecular weight would be a significant advance in the utility of photopolymerizations.
Recently, continuous-flow processes have increasingly received significant attention from both academia and industry. 404−408 This technique has been recognized as a practical and robust way to produce small molecules 404−408 as well as polymers 409−413 due to its advantages of easy scale up, excellent mass and heat transfer, automated-manufacturing prospects, and enhanced safety. Notably, compared to photochemical reactions conducted under batch conditions, flow techniques are capable of enabling much more uniform irradiation of the reaction solution due to their high surface-to-volume ratios of microchannels within continuous-flow reactors (Figure 9 ). 414, 415 Junkers and co-workers reported a photoredox coppermediated radical polymerization of MA using CuBr 2 and Me 6 TREN as a catalyst/ligand pair in 2014 (see section 4.1.1 for details of this polymerization in batch processes). 416 In their experiments, a tubular milliscale reactor made with PFA tubings and a glass-chip microreactor were investigated under flow conditions. Excellent control over the polymerization was observed under both flow conditions. Reactions followed pseudo-first-order kinetics. In contrast with reactions carried out under batch conditions, the flow techniques allowed much faster conversions for this photo-ATRP reaction, enabling nearly 90% conversion within 20 min of reaction residence time. The highest molecular weight of poly(MA) synthesized by this method was 9800 Da. Starting from poly(MA) (M n = 3100 g/ mol, Đ = 1.10), poly(MA)-block-poly(nBA) polymers (M n = 4990 g/mol, Đ = 1.16, 51% conversion of nBA) were prepared in the microflow reactor.
Later, Detrembleur, Junkers, and co-workers applied microflow techniques to conduct cobalt-mediated radical polymerization under UV irradiation conditions (see section 3.4 of this review for details of this polymerization in batch processes). 417 In comparison to the related cobalt-mediated transformation under batch conditions, a faster reaction rate for the polymerization of vinyl acetate is achieved with the flow method. However, when the conversion of VAc reached up to 53%, poly(VAc) was produced in a molar mass of 17.5 kDa with an increased 
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Chem. Rev. XXXX, XXX, XXX−XXX dispersity (Đ = 1.50), and slight shoulder peaks were observed in the GPC traces. The copolymerization of VAc and α-olefins is usually slow due to the formation of a more stable C−Co bond at the polymer chain end when the α-olefin unit is last incorporated. Facilitated by the flow technique, they also developed a rapid copolymerization of VAC and α-olefin, containing up to 50 mol % of the 1-octene monomer. In 2015, Johnson and Chen developed a simple, scalable, and efficient continuous-flow technique for photo-CRP from a trithiocarbonate iniferter (see section 3.1.1 for details of this polymerization in batch processes), representing the first example of metal-free and switchable photopolymerization accomplished under flow conditions. 418 This new method enabled the accelerated preparation of high molecular weight polymers (up to 109k) that had not been achieved before with this photo-CRP. Notably, as shown in Figure 10 , to access control over the molar mass distribution, two flow setups were designed to achieve photo-CRPs with different monomer/ iniferter ratios. In setup A, the reaction solution was injected into a reactor made of Halar tubing, which was wrapped around a UV lamp (352 nm). In setup B, the tubing reactor was wrapped around a glass bottle, which was placed in the middle of a chamber surrounded by a cycle of UV lambs. A longer distance from the light sources to the reactor, compared with that of setup A, afforded a decreased light intensity in setup B. With these designs, photopolymerizations with a wide ratio range of iniferter/monomer (from 1/250 to 1/2000) were investigated, enabling the efficient synthesis of polyacrylates and polyacrylamides with precise control (e.g., poly(DMA), isolated in 2.95 g, M n = 24 900 g/mol, Đ = 1.11, 87% conversion in 40 min residence time). In addition, on/off experiments were conducted to verify that the polymer produced via photo-CRP could be reactivated through external light activation with new designed setups as shown in Figure 11A . In this setup, sections of the reactor tubing were covered to simulate the light being off. Furthermore, collection valves were installed at various points along the reactor tubing to allow for sample isolation. When the flow reaction started, only one outlet from "a" to "g" was kept open for sample collection. Cycles of on/off experiments confirmed the capability of controlling the photopolymerization with light as an external stimulus. Importantly, this design also potentially streamlines the synthesis of high-quality polymers with a variety of molecular weights by collecting at different outlets of the same continuous-flow setup.
Recently, Hawker, Poelma, and coworkers reported the continuous-flow synthesis of poly(MMA) using their Ircatalyzed photoredox CRP (see section 4.1.2 for details of this polymerization in batch processes). 419 During these studies, they tested different tubing materials and found that Halar, with its low permeability to oxygen, was critical for the success of the photopolymerization. First-order kinetics were observed under both batch and flow conditions. Compared with the polymerization of the same monomer in batch, a rate increase of at least 50% was observed under continuous-flow conditions.
CONCLUSIONS
Although photo-CRP has been developed for more than 30 years, the recent explosion of interest in this topic has led to exciting advances. Now, photo-CRP methods exist for the synthesis of polymers and materials with spatiotemporal control and unprecedented levels of functionality. Light is an attractive and practical external stimulus to achieve precise control in photo-CRP systems. The continually improved understanding of photopolymerization mechanisms facilitates these rapid advancements, and inspiration from photosynthesis, small-molecule photoredox catalysis, and organometallic chemistry continues to impact this field. Thus, it is reasonable to anticipate more progress in the field of photo-CRP in upcoming years.
Looking toward the future, light-controlled synthesis of complex polymers with precise molar mass, well-defined primary structure (sequence and tacticity 420−422 ), and diverse composition will continue to be a major goal in polymer science. These endeavors will inspire new synthetic tactics and strategies and also guide the development of novel materials for modern applications. Furthermore, the development of transformations that are mediated by external stimuli will continue to increase in sophistication. For example, many existing processes involve either on or off states, but one can imagine systems that could be switched in more sophisticated ways, e.g., between types of polymerization mechanism, between which monomer is incorporated into a growing chain, between distinct polymer architectures, etc. 423 Some challenges cannot be underestimated. For example, as discussed above, scaling up photopolymerization is often limited by irradiation efficiency and cost, and although continuous-flow technology has been developed to address the former issue, it is only applicable to monomers and polymers with suitable solubility. We anticipate significant engineering advances in continuous flow methods that will facilitate scalable photo-CRP. As is the general case with all radical addition reactions, new approaches to achieve stereoselective olefin 
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Chem. Rev. XXXX, XXX, XXX−XXX addition in photo-CRP reactions will be sought. Also, photo-CRP reactions that make use of longer wavelength light sources (i.e., infrared light) will continue to be pursued. 296 Finally, while current photo-CRP methods rely on the direct photoexcitation of an iniferter or an initiator (intramolecular photochemical process) or an electron transfer from/to a photoactivated catalyst (photoredox process), proton-coupled electron transfer and/or intermolecular energy transfer processes have not yet been harnessed to induce/catalyze photo-CRP. In the latter case, one can imagine the development of photo-CRP reactions based on Forster or Dexter energy transfer (using dyes or sensitizers as photocatalysts) or even more complex singlet fission or triplet− triplet annihilation processes. Given the numerous commercial applications of traditional photopolymerization and the resulting infrastructure for conducting such reactions, the barrier to adoption of novel photo-CRP methods in applications should be low. With rational design, researchers will be able to design advanced polymers with well-defined and unprecedented complexities at reasonable costs. As described in this review, photo-CRP has already proven useful for surface processing, particle fabrication, and photoresponsive gel formation, etc. Such accomplishments represent only a starting point from which numerous potential applications can be envisioned. Advanced materials with "smart" properties powered by photo-CRP could impact countless areas of materials science including controlled surface transformation, tunable selfhealing, and switchable patterning to name a few.
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